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ABSTRACT
IN-SITU COMPOSITES OF A THERMOTROPIC
LIQUID CRYSTALLINE POLYMER AND POLYCARBONATE:
PROCESSING, MORPHOLOGY AND PROPERTIES
FEBRUARY, 1989
OLIMPIA FEDERICO, LAUREA, CH.E., UNIVERSITY OF NAPLES
M.S., CH.E., UNIVERSITY OF CONNECTICUT
M.S., UNIVERSITY OF MASSACHUSETTS
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Prof. Richard J. Farris
The possibility of producing "in-situ" two phase
composites by melt blending a wholly aromatic liquid
crystalline copolyester (VECTRAR A950) with polycarbonate
has been investigated. The goal was to develop an
understanding of the effect of thermal and deformational
histories on structure and properties.
Extruding the blends at die temperatures up to 40 °C
above the disordering peak temperature (280 °C) of the
liquid crystal (LCP) pellets resulted in the formation of a
fibrillar LCP reinforcement along the extrudate axis (two
fold increase in tensile modulus and strength compared to
the neat PC matrix at 25% LCP concentration) . When the
die temperature was increased to 340 °C, the LCP fibrils
• •vm
were found to break-up leading to a particulate composite,
which significantly reduced the mechanical properties.
Increasing the apparent shear rate at the capillary
wall from 10 to 10 3 s" 1 increased the fraction of
fibrillated LCP from 40 to almost 100%; however branching
of the fibrils reduced the reinforcement efficiency in the
draw direction.
Elongational flow induced by increasing the draw ratio
from 2 to 6 significantly enhanced fibrillation and reduced
the weight average fibril diameter from 0.6 to less than
0.4 microns. As calculated from composite theory, the
fibril tensile modulus increased by 60%, attaining that of
the neat LCP extrudates (29 GPa)
.
The solid state structure of as-extruded VECTRAR A950
can be described as a "frustrated" liquid crystalline state
and is a direct consequence of the extrusion and
solidification conditions. Upon heating to increasing
annealing temperatures an increasing fraction of the
diffracting entities was observed to "melt" by WAXD into a
disordered liquid crystalline phase. At temperatures
between 290 and 305 °C, this process was followed by
structural rearrangements with increased lateral order
around both the original 4.6 A distance and at 3.8 A. This
structural rearrangement was found to occur on cooling from
27 0 °C and above as well. The annealed and then cooled
structure exhibited a 30 °C higher "melting" peak.
ix
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CHAPTER 1
INTRODUCTION
1.1 Liquid Crystalline Polymers
The potential of main chain liquid crystalline
polymers (LCP's) as materials with superior performance
is well recognized [1-3] and has motivated in the last
decade a large number of both fundamental and technical
studies. These materials offer a range of interesting
properties, such as low viscosity, low thermal expansion,
very low mold shrinkage and warpage, good chemical
resistance, remarkable barrier properties and excellent
mechanical performance [4].
The intrinsic molecular rigidity and easy
orientability in the mesomorphic state of these polymers
allows for the production of highly oriented anisotropic
morphologies with excellent mechanical properties in the
direction of molecular orientation. The performance and
commercial success of poly (p-phenylene terephthalamide)
(KevlarR , E.I. DuPont De Nemours) fibers are a clear
example of how remarkably well this class of materials
can perform. Commercial Kevlar* 49 fibers exhibit
average tensile moduli and strengths of 125 and 2.7 GPa
respectively [5]. A range of liquid crystalline
aromatic heterocyclic polymers have been developed
1
2through the Air Force Ordered Polymers Program [6-8];
fibers with a tensile modulus as high as 300 GPa have
been spun from poly (p-phenylene benzobisthiazole) (PBZT)
,
which is the highest value yet achieved for a polymeric
fiber. Both Kevlar* and the aromatic heterocyclic
polymers are lyotropic liquid crystals and must be
processed from solution in suitable solvents.
The synthesis of thermotropic systems requires a
careful tailoring of the molecular design. Chain
rigidity must be made sufficiently high in order to
retain an extended conformation for liquid crystallinity
;
on the other hand it must allow for the mesomorphic
transition to occur below the decomposition temperature.
The thermotropic transition of rigid backbone
homopolymers can be reduced to an acceptable level for
stability and processability by introducing a limited
disorder into the chain architecture; copolymerization
with controlled amounts of more flexible moieties, bent
and crankshaft monomers and the incorporation of bulky
side groups have been used for this purpose [9-14].
The existence of thermotropic polymers in three
different states can be observed: liquid mesomorphic
(at high temperature) , glassy mesomorphic and crystalline
(in the solid state). Each state has different but
similar characteristics, and both the differences and
similarities are related to the degree of local order of
3the chains. In the liquid crystalline state the
material is essentially a liquid with anisotropic
properties; for nematics, orientational order exists, but
the rotational and positional order characteristic of the
crystalline state is lacking. In the glassy mesomorphic
state, rotational and positional disorder are frozen-in
and the polymer is an 'anisotropic' glass. If not
preceded by decomposition, the transition from the liquid
mesomorphic phase to a (fourth) isotropic melt state can
be observed as the temperature is raised [15].
From a phenomenological point of view, the quiescent
mesomorphic phase can be pictured as an aqqreqate of
domains (fiqure 1) , each characterized by a preferred
chain orientation indicated by the director [16-22].
The overall molecular orientation as determined by both
the alignment within the domains and the director
distribution can be isotropic. In this perspective, the
nature of domain texture, boundaries and defects and
their stability and response with respect to thermal and
deformational histories play a particularly important
role in determining the behavior of these materials.
This subject has been addressed by a growing number of
investigations [23-39]. The formation of banded
structures has been reported to occur in several
thermotropic polymers as a result of shearing [27-39];
these banded structures were determined to correspond
to
INITIAL POLYDOMAIN STRUCTURE
1. Polydomain Representation of the Mesomorph
State and Effect of Flow [19].
5a "serpentine trajectory" [34] of the molecules about the
shear axis [28-34]. in the "polydomain" representation,
when the structure is subjected to a flow field, the
domain texture (size and orientation) may change and may
ideally be converted into a monodomain [19], in which all
the molecules assume the same preferred orientation
(figure 1)
.
Based upon these concepts, appropriate processing in
the liquid crystalline state can be used to induce high
molecular alignment [40-55] ; if solidification occurs
relatively fast, the orientation may be retained through
the transition to the solid state due to the long
relaxation times characteristic of these materials [19].
The intrinsic chain stiffness of LCP's is consequently
reflected in excellent mechanical strength and stiffness
in the direction of orientation [39-55].
Since interchain interactions are usually weak, the
transverse and shear mechanical properties of highly
oriented LCP's are low, as indicated by the easy
splitting of fibers and films. Consequently the
relatively easy orientability of LCP's during processing
may become a disadvantage when high mechanical anisotropy
is not desired. This is a particularly important point
for the successful development of the potential of
thermotropic polymers as high performance thermoplastics;
relatively large parts and complex shapes must possess
6rather uniform and/or controlled morphologies [9].
Several special processing technologies have been
proposed for the production of morphologies of reduced
anisotropy; these are generally based on the combination
of different flow fields and specific examples are the
rotational compression molding and rotational extrusion
[49, 56-58] (figure 2)
.
Interesting studies have also explored the effect of
spherical and anisotropic fillers upon both processing
induced structure and mechanical performance of
thermotropic polymers [59-62]. When anisotropic filler
(short fibers or platelets) are used, the orientability
of both the LCP and the reinforcement need to be
considered. The incorporation of anisotropic fillers
has been found to favor a 'biaxial balancing of
properties' [60] without a large influence upon the LCP
orientability and melt viscosity. Spherical fillers
reduced anisotropicity but also modified the flow
behavior; the tumbling of the spheres during flow reduce
the shear thinning characteristics and the domain
coalescence of the LCP [61].
Among the most well known structures for
thermotropic materials includes the copolymers of p-
hydroxybenzoic acid (HBA) with biphenol and terephthalic
acid (BPT/HBA copolyesters, [9, 42, 43]), with 2,6
naphthalene diacetate and terephthalic acid (NDT/HBA
75
0
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8copolymers, [41, 42, 62]), with ethylene terephthalate
(PET/HBA copolyesters, [44-51, 65-70]), and with 2,6-
hydroxynaphthoic acid (HBA/HNA copolyesters, [51-54,
67-93] )
.
The HBA homopolymer is relatively intractable [9,
94-97] and processing requires techniques usually
employed for metals and ceramics, such as high
temperature compression sintering and high-energy rate
forging [9]; the possibility of using very fast (to
minimize degradation) molding at high temperature
(44 0 °C) has recently been reported [95]. The
homopolymer exhibits excellent mechanical properties,
which are remarkably retained at high temperature; about
60% of the room temperature flexural modulus is retained
at 300°C.
Copolymerization with other units such as to impart
some flexibility to the molecular backbone has lead to
several compositions which are melt processable. Some
of the mechanical properties of HBA thermotropic
copolymers as reported in the available literature are
illustrated in table 1. It is clear that properties are
remarkable with respect to those achieved with
conventional polymers (e.g. poly (ethylene terephthalate)
(PET)) and compare favorably with those of short fiber
reinforced systems. In particular, one can notice the
good high temperature performance of HBA/BPT and the
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remarkable impact characteristics of PHB/PET copolyesters
relative to those of unreinforced and glass fiber-
reinforced PET.
The processing techniques used to produce the
materials described in table 1 have been specified in the
table. However a direct comparison between the
different materials in the table should take into account
the extreme sensitivity of morphology and mechanical
performance of the LCP's to the processing parameters.
For instance, the wide orientation distribution of the
liquid crystal determined by injection molding PET/HBA
parts has been reported to cause several fold variations
in elastic modulus and strength between the machine and
transverse directions [11].
1.2 Blends with Isotropic Polymers
Using main chain thermotropic LCP's as one of the
components in polymeric blends may lead to very
interesting systems [98]. Under controlled processing
conditions the liquid crystalline phase can be induced
form elongated or even fibrillar domains in which the
molecular chains are highly aligned. Due to the
intrinsic molecular stiffness of the LCP, upon
solidification the domains act as an effective
11
reinforcement enhancing the mechanical performance
(tensile modulus and strength) of the blend [98-118].
A similar concept has been considered in
investigating the possibility of producing molecular
composites by blending lyotropic liquid crystalline
polymers with flexible coil polymers [119-126]. Blends
of poly (p-phenylene terephthalamide) (PPTA) with nylon 6
and 66 [120] and of PBZT with poly(2,5(6) benzimidazole)
(ABPBI) [121, 122], with Nylon [123-126] and with
poly (etheretherketone) (PEEK) [126] have been studied.
As an alternative approach to physical blending, block
copolymerization has been explored (PPTA/Nylon 6
copolymers [120] and PBZT/ABPBI triblocks [128]); the
preparation of composites utilizing PPTA in a crosslinked
rubber (PPTA/acrylonitrile butadiene) and more recently
in a thermosetting matrix (PPTA/epoxy) [128] have been
reportedas well. For all of these systems, special
processing and synthesis techniques are required in order
to minimize aggregation and phase separation and to
produce the desired morphologies.
One of the main advantages of blends with
thermotropic as opposed to lyotropic polymers lies in the
possibility of utilizing conventional melt processing
technologies instead of having to use solution processing
in harsh solvents. Additional advantages become evident
when one compares thermotropic LCP blends to conventional
12
fiber reinforced systems of similar performance. The
LCP is a low viscosity phase during processing and it
transforms into a reinforcement only upon solidification
of the mixture; these blends have been referred to as
self-reinforced blends or in-situ composites.
Therefore, difficulties associated with the presence of a
filler which is solid in the processing stage, such as
high viscosities and power consumption, inadequate mold
filling, fiber breakage and wear of equipment, can be
prevented.
Primary factors in determining the development of
phase morphology during processing of incompatible
polymeric blends are the concentration and rheological
properties of the components and the interphase
interactions. In the mesomorphic state liquid
crystalline polymers exhibit unusual characteristics
compared to flexible chain melts: low viscosity and
long relaxation times, shear thinning at low shear rates,
small die swell, transient negative normal stresses and
strong thermal and mechanical history effects [16-27, 35.
36, 129-141]. Due to such complex behavior, most of the
rheology - processing - morphology correlations for LCP
blends are at present only qualitative and based on
experimental observations.
Different types of blend viscosity - composition
dependence have been observed. Cone-and-plate dynamic
13
viscosity data for blends of nylon 66 with 60/40 PHB/PET
[99] and capillary flow results for mixtures of an
amorphous polyamide and an HBA/HNA copolyester [100] both
show absolute viscosity minima at intermediate
compositions. On the other hand, in polycarbonate (PC)
- 60/40 PHB/PET blends the dynamic viscosity was not
very sensitive to the presence of the liquid crystal at
low concentrations and the occurrence of a phase
inversion was observed at about 50% LCP, where the
rheology became dominated by the liquid crystalline
component [99].
Blend morphology was also influenced by composition.
Siegman, Dagan and Kenig [100] and Blizard and Baird [99]
reported a change from a discrete-ellipsoidal to a
fibrillar phase morphology as the LCP concentration in
the blend increased. The fibrils formed a continuous
network at concentrations above the phase inversion [99].
Contrary to these findings however, Isayev and Modic
[101] observed fibrillation at low LCP concentrations and
only dispersed domains forming at high ( > 25%)
concentrations when extruding blends of polycarbonate
with LCP 2000 (a 70/30 HBA/HNA copolyester produced by
Celanese [101] )
.
Some observations regarding the influence of rate of
deformation experienced during processing on the
morphology of PC/LCP 2000 blends have been reported by
Isayev and Modic [101]. A cross-over point of equal
viscosities was found between the flow curves of the neat
components by capillary rheometry. As the investigators
[101] recalled, several studies on polymer blends
rheology [142-159] have addressed the importance of the
dispersed phase-to-matrix viscosity ratio in influencing
the morphology generated during flow of molten blends
(see chapter 3 for further discussion)
.
It has been suggested that fibrillation of the
dispersed phase occurs at dispersed phase-to-matrix
viscosity ratios of about 1 or higher. The morphology
of PC/LCP 2 000 blends extruded through a capillary at
different shear rates did indeed show enhanced
fibrillation at high shear rates, which corresponded to
large viscosity ratios [101]. The occurrence of a
similar effect can be also deduced from the skin-core
morphological differences observed by several
investigators [99, 107]: spherical or ellipsoidal LCP
domains were found in the core of molded blends in
contrast to the more rod-like structures which formed
toward the surface, where the shear rate is higher.
It is interesting to note that apart from improving
the mechanical properties, blending with a thermotropic
liquid crystalline polymer may also influence other
characteristics of a flexible matrix. Several patents
[117, 118] propose using low percentages of LCP's as
15
processing aids; the viscosity lowering effect permits
lower process temperatures to be employed for materials
sensitive to thermal degradation. It has been observed
in some cases that LCP's can modify the crystallization
characteristics and the crystalline morphology of
semicrystalline materials [109-112, 114-116]; 60/40
PHB/PET [109, 112, 114-116] and VECTRAR A900 [112] for
instance can act as nucleating agents for poly (ethylene
terephthalate)
. Finally, Nicolais and coworkers [105]
reported an increased dimensional stability of drawn
polystyrene upon addition of a few weight percents of a
non compatible LCP; it was suggested that elongated and
oriented LCP domains restrain the matrix from thermal
dimensional changes.
1.3 Overview of the Dissertation
A main-chain rigid thermotropic liquid crystalline
polymer (VECTRAR A950) and its blends with a bisphenol A
polycarbonate (Makrolon 3100) have been investigated.
The work focuses primarily upon the effect of processing
parameters on morphology and mechanical behavior. The
influence of composition, temperature and draw ratio on
the two-phase structure of extruded blends and the
resulting properties has been examined. Simple concepts
16
derived from solid and composite mechanics were used to
establish morphology-properties correlations. The
nature and importance of thermal history induced
structural changes in rigid random LCP's is discussed in
relation to the results of high temperature X-ray
diffraction and differential scanning calorimetry and
rheological studies. The possibility of orienting the
liquid crystal by biaxial extension and the feasibility
of drawing by solid state coextrusion have been explored.
The second chapter of the dissertation introduces
the general characteristics of the materials used in this
study. Some information has been derived from the
available literature and some basic characterization was
experimentally performed on the as-received materials.
The thermal behavior of both the liquid crystal (VECTRAR
A950, by Celanese) and the polycarbonate (Makrolon 3100,
by Bayer) has been analyzed by differential scanning
calorimetry and thermogravimetric analysis. Results
have been used to identify proper processing conditions.
Molecular weights were characterized by solution
viscosities. Wide angle X-ray diffraction was used to
identify the chemical composition of the liquid crystal.
Neat materials and blends have been processed by
extrusion, producing filaments about 1 to 2 mm in
diameter.
17
Chapter 3 reports the results of morphological and
mechanical studies of the extrudates. wide angle X-ray
diffraction was used to elucidate structure and degree of
axial alignment. The effect of composition, processing
temperature and draw ratio on the LCP phase morphology
generated in the blends by extrusion is examined.
Several techniques were employed to study the mechanical
behavior in order to consider anisotropic characteristics
and the influence of morphology. Composite theories
have been used to analyze the dependence of tensile
modulus and strength on blend composition; the same
properties are considered in describing the influence of
draw ratio. The effect of temperature on the
mechanical behavior of the neat LCP extrudate and some of
the blends is examined in relation to dynamic properties
in tension. The anisotropic character of the extrudates
is discussed comparing tensile, compressive and torsional
properties. Two 70/30 PC/LCP blends containing a
fibrillar and spherical LCP phase respectively are
compared to evaluate the influence of these two extreme
morphologies.
Chapter 4 includes studies directed at investigating
the high temperature behavior of the materials. The
rheological response to oscillatory shear deformation is
reported in considering the importance of thermal history
effects. High temperature wide angle X-ray diffraction
18
has been employed to follow the time development of the
LCP structure during annealing at various temperatures
and upon cooling; results are discussed in terms of the
importance of molecular mobility and kinetics effects
possible for rigid thermotropic polymers.
The results of this work are reviewed and the main
conclusions are summarized in the last chapter. Based
upon the results of this investigation, suggestions for
future research regarding both the HBA/HNA copolyester
used in this work and more in general thermotropic liguid
crystalline polymers and their blends with thermoplastics
have been addressed.
CHAPTER 2
MATERIALS AND PROCESSING
2.1 Materials
VECTRAR A950, Makrolon 3100 and several blends of
the two materials have been investigated in this study.
Some of the characteristics of these polymers taken from
material bulletins are illustrated in table 2. More
detailed information is given in the following sections.
2.1.1 Basic Characteristics of VECTRA A950
VECTRAR A950 was purchased from Celanese Ltd. in the
UK in the form of pellets. In the material safety data
sheet received from the manufacturer (table 2) , the
polymer is defined as a "wholly aromatic thermotropic
liquid crystal polymer" [85]. On the other hand,
VECTRAR A950 has been referred to in the literature as
"polymer 1" [54] and defined as an "all aromatic
copolyester polymerized from p-hydroxybenzoic acid and
2 , 6-hydroxynapththoic acid" [55].
A number of studies have presented wide angle X-ray
diffraction (WAXD) data for hydroxybenzoic acid
(HBA) /2 , 6-hydroxynaphthoic acid (HNA) copolyesters
19
Table 2
Manufacturer Bulletin Data for VECTRAR A950
and Makrolon 3100
VECTRAR A950 - Celanese rssi
Wholly Aromatic Liquid Crystal Polymer
Molecular Weight: > 20,000
Melting Range: 280 °C
Density Range: 1.37-1.42 g/cc
Percent Volatiles by Volume: <1 %
Makrolon 3100 - Bayer
Bisphenol-
Melt Flow
A Polycarbonate
Index:
(Extrusion Grade)
5-7 G/10 MIN
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produced by Celanese [33, 52-55, 72-81, 84, 86-89,
91-93]. The meridional reflections have been studied in
more depth. The intrachain peak positions were
theoretically calculated from the Fourier transform of
the autocorrelation of the expected position function of
the atoms. For a completely random sequence
distribution of the comonomers along the chain, it was
predicted that the meridional maxima are aperiodic and
change with copolymer composition. Some of these
studies have included reactivity ratios of the comonomers
and demonstrated the sensitivity of the WAXD method to
the copolymer sequence distribution [80, 81, 93]. The
calculations for a random distribution were found in
excellent agreement with experimental data obtained from
HBA/HNA copolyesters of several molar ratios produced by
Celanese, showing that no significant blockiness is
present in these materials.
A determination of the chemical nature of VECTRAR
A950 by analytical methods has not been attempted in this
work. However, experimental WAXD data have been
obtained for this polymer. Meridional scans for
extruded VECTRAR A950 were recorded using a Siemens D500
diffractometer with a PDP 11/34 computer attachment, as
described in Chapter 4. The positions of the meridional
maxima were consistent with literature data for
essentially random HBA/HNA copolyesters with an HBA/HNA
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molar ratio of approximately 70/30, as described in
Chapter 4 of this dissertation.
It is based upon the observations taken from the
literature (described above) and upon the WAXD results
from this work that, for the purpose of this study,
VECTRAR A950 will be considered an HBA/HNA random
copolyester of average composition of approximately
70/3 0. The chemical structure of the HBA and HNA
comonomers is illustrated in figure 3.
An inherent viscosity of approximately 5 dl/g was
measured in penta-fluorophenol at 65 °C at a concentration
of 0.25% for the as-received VECTRAR A950 pellets. The
molecular weight is given in the material safety data
sheet received from the manufacturer as larger than
20,000 g/mole. From the weight of the HBA and HNA
units and for a 70/30 ratio, a molecular weight of
2 0,000 g/mole corresponds to a total of about 150
residues per chain; this translates to an average chain
length of about 1,000 A.
With regard to chain rigidity and conformation, an
estimate of the chain persistence length, which is a
measure of rigidity, has been given in the literature as
ranging from 9 to 13 monomers, (i.e., approximately
60-to-90 A) for HBA/HNA molar ratios from 25/75 to 75/25
[81]. The molecular chain becomes less linear and less
rigid as the HNA content increases. The values of the
VECTRAR A950
HYDROXYBENZOIC
ACID
(HBA)
- WAXD MERIDIONAL MAXIMA
2-HYDROXY - 6-NAPHTHOIC
ACID
(HNA)
HBA/HNA 70/30
gure 3: Chemical Structure of p-Hydroxybenzoic Acid a
2
,
6-Hydroxynaphthoic Acid Comonomers.
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persistence length have been determined by wide angle
X-ray diffraction studies comparing experimental and
calculated widths of the meridional reflection at
d = 2.1 A; the persistence length corresponds to the
length at which the approximation of a fully extended
conformation breaks down.
The presence of the HNA comonomer enhances the non-
linearity of the molecular backbone, due to the offset
linkages. This non-linearity can be observed referring
to figure 4; the figure illustrates a projected view of
five stereochemically acceptable random sequences of 13
HBA and HNA comonomers. The ester oxygen-ester oxygen
vectors have been assumed to be parallel to the chain
axis. It is clear that significant deviation from
linearity can be introduced as the chain length
increases. It can be noted that the chain rigidity is
much lower than that typical of lyotropic liquid
crystalline polymers, which have persistence lengths
above 500 A. HBA/HNA copolymers are considered,
however, among the thermotropic class as rigid-chain
liquid crystals.
The as-received pellets were also analyzed by
differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA) . A very gradual change in
slope of the DSC trace was observed around 100 °C, which
corresponds to what has been considered in the literature
25
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as the glass transition for this type of copolyesters
[67-69, 72, 83, 92], Regardless of what should be the
proper terminology for this transition in the case of
materials which do not form a conventional 'isotropic'
glass, this is the highest transition detectable by DSC
below the transformation to a liquid crystalline fluid.
The broadness of the transition (AT
g
- 4 0 °C) was
certainly significant compared to other conventional
flexible chain polymers; AT
g
is of the order of 5-10 °C
for totally amorphous glassy homo- and co-polymers [72].
Previous studies have reported a total change in specific
heat across the AT
g
of about 30 J/°K mole for HBA/HNA
copolymers of variable compositions [72]; in the same
studies a AT_ of almost 200 degrees was reported to
y
occur. Due to the poor definition of this transition on
DSC thermograms which would have given unreliable
information about the thermal behavior, the thermal data
reported in this dissertation have been limited to scans
above 160 °C; this choice has also lead to an
improvement in linearity of the thermograms baseline.
The endothermic transition to the mesomorphic 'melt'
(namely k-n transition) appears spread over a wide range
of temperatures (from about 200 to 300 °C) and it
presents a final, better defined, peak at about 280 °C
(figure 5). The shape of the first heating thermogram
for the VECTRAR A950 pellets was practically
27
a) f irs t heating
197 237 277
TEMPERATURE (°C)
Figure 5: Typical First Heating Thermogram of VECTRAR
A950 As-Received Pellets and Extrudates.
28
indistinguishable from that obtained from the extrudates
processed in this work (at 300 °C) . For further
discussion regarding this transition the reader can refer
to chapter 4
.
Thermogravimetric analysis of the as-received
VECTRAR A950 pellets has been performed in a nitrogen
atmosphere at a rate of 2 0 °C/min; from the results it
appears that the copolyester undergoes negligible weight
loss up to about 410 °C.
2.1.2 Characteristics of Makrolon 3100
Makrolon 3100 is a bisphenol A polycarbonate which
was supplied by Bayer Inc. . Additional material has
been kindly provided by Mobay Corporation (Bayer U.S.A.
Inc. Company, which sells the same product under the name
of Merlon M-50(H) ). According to the product brochure,
the material is among the types of Makrolon
polycarbonates, a grade of relatively high viscosity.
The pellets as received from the manufacturer
exhibited an inherent viscosity of about 0.55 dl/g as
measured at a concentration of 0.25 % in dioxane at
30 °C. A glass transition of about 147 °C was
determined by differential scanning calorimetry using a
heating rate of 20 °C/min.
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2.2 Processing
Filaments of neat VECTRAR A950 (LCP)
, neat Makrolon
(PC) and blends of several intermediate compositions have
been prepared. The materials were processed at the
Istituto Donegani (Novara, Italy) using a Haake Rheomex
single screw extruder eguipped with a circular die of
diameter DDie = 3.18 mm diameter (length =9.6 mm). A
constant-taper screw provided a 3-to-l compression ratio.
Figure 6 illustrates a schematic of the extruder.
Prior to processing both the liguid crystal and the
polycarbonate have been dried at 120 °C for 24 hours in a
vacuum oven in order to avoid both the formation of
undesired bubbles in the extrudate and the degradation of
the products. Materials were fed to the extruder
through a hopper, using typically 600 grams of pellets.
Several temperature profiles have been employed,
controlled at four positions along the extruder. The
filaments exiting the die were transported on a roller at
different take-up speeds to induce various degrees of
drawing and spontaneously cooled in air. Depending on
the draw ratio, the final diameter of the filaments
ranged between 1 and 2 mm. Long segments of extrudates
were carefully collected and rapidly aligned on a bench
to produce linear filaments upon solidification.
For preparing the blends, materials were fed to the
Rheomex as a mixture of dry pellets. Several
PROCESSING
- SINGLE SCREW EXTRUDER
\ L
- Constant - Taper Screw ( Compression Ratio 3 )
- Four Temperatures
- Flat Entrance Capillary Dies
- Drawing Guided on Take-up Roller
- Spontaneous Cooling in Air
- Materials Loaded as Dry Pellets
- Blends Loaded as Tumbled Mixtures of Dry Pellets
Figure 6: Schematic of the Haake Rheomex Processing
Apparatus Used for Extrusion.
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compositions were chosen, ranging from 5 to almost 80
percent by weight of liquid crystal polymer. A
description of the samples produced by extrusion and the
relative processing conditions has been concisely
reported in table 3.
Compression molded plagues have been prepared from
aligned blend filaments in order to obtain samples
amenable to mechanical testing in the transverse
direction relative to the extrudate axis. Samples were
taken at 0 and 90 degrees to the original alignment
direction, cut along the dogbone shape suggested in ASTM
D1822. Approximately isotropic samples have been molded
from pellets obtained from the extrudates and randomly
arranged in the mold. A relatively low temperature
(T = 220 °C) with respect to the LCP k-n transition range
was employed for molding in an attempt to preserve the
blend morphology originally present in the extrudates.
32
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CHAPTER 3
MORPHOLOGY AND MECHANICAL PROPERTIES
3 . 1 Introduction
Morphological characteristics and mechanical
properties of extruded filaments of neat polycarbonate,
neat VECTRAR A950 and several blends of these two
components have been analyzed in order to investigate the
influence of composition and processing parameters. The
effect of the temperature profile along the extruder, the
shear rate at the die surface and the extent of draw have
been examined.
The LCP phase generated within the blends filaments
during the extrusion process was generally constituted of
a mixture of different shapes: spherical particles,
elongated domains, very long linear fibrils and branched
fibrils (figure 7). Skin-core differences in both LCP
concentration and morphology were observed in all of the
extrudates. The LCP concentration in the core was
always very low compared to that in the region close to
the skin. Spherical or elongated LCP domains were
preferentially produced in the core of the filaments,
while mostly fibrillar structures highly oriented in the
flow direction formed toward the skin. The average
33
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Figure 7: LCP Phase Isolated from one of the PC/LCP
Blends: Typical Range of Morphologies
Generated during Extrusion.
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diameter of the fibrils is found to decrease from the
core to the skin of the blends filaments.
The experimental techniques used to characterize the
samples are described in the next section. A brief
review of general concepts regarding composite theories
and of deformation studies of liquid droplets dispersed
in a flowing medium is then given to serve as background
for discussing the results. The results are presented
illustrating separately the effect of temperature, shear
rate, draw ratio and concentration and discussed in terms
of possible processing - morphology - properties
interrelations
.
3.2 Experimental
The microstructure of the extruded samples was
investigated by optical microscopy (OM)
,
by scanning
electron microscopy (SEM) and by wide angle X-ray
diffraction (WAXD) . Thin slices microtomed along the
longitudinal and the transverse directions relative to
the extrudate axis have been examined on a Zeiss optical
microscope. Liquid nitrogen fracture surfaces along the
same directions were used for electron microscopy. SEM
analysis has been performed partly on a Cambridge
Stereoscan 604 (at the Istituto Donegani) and partly on a
36
Jeol 100CX (at the University of Massachusetts).
Information regarding size, shape and spatial
distribution of the LCP phase within the extruded blend
filaments could be derived from such analyses since there
was sufficient contrast between the two phases (PC and
LCP) .
A more quantitative investigation of the LCP phase
morphology in the blends has been performed by selective
dissolution of the polycarbonate in chloroform or
methylene chloride followed by SEM analysis of the LCP
residue. Small samples of the blend filaments were
immersed in the solvent for at least 24 hours to allow
complete dissolution of the polycarbonate. The mixture
was then separated into three fractions using sieves of
150 micron and subsequently 25 micron mesh size and
centrifugating the last residue to eliminate the PC
solution. Approximately 90% of the LCP phase was
recovered from the blends. Mostly branched or
interconnected LCP fibrils and essentially linear LCP
fibrils were separated in the two dimensionally larger
fractions ( >150 n and >25 p. respectively) ; the last
fraction ( <25 m) contained LCP particles of an
approximately spherical shape (figure 8). The
distribution of the LCP phase into fibrillar and
spherical morphologies could be determined by this
technique. Additional information about the average
Figure 8: SEM Micrographs of the LCP Phase Isolated from
PC/LCP Extrudates: a) Linear Fibrils;
b) Branched Fibrils; c) Spherical Particles.
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dimensions of the LCP phase was obtained from
measurements of fibrils and particles diameters performed
on enlarged SEM micrographs; approximately 500
measurements were performed for each sample in order to
calculate number and weight averages.
A different technique was employed to estimate the
diameter distribution of the LCP fibrils along the radius
of the blend extrudates; it was intended to find
possible correlations of this morphological parameter
with the flow field experienced by the blend during
processing. For this purpose a microtomed longitudinal
section was taken along the major diameter of the
filaments and tightly sandwiched between two pieces of
fine filter paper; the sandwich was immersed in a large
volume of chloroform for two days to dissolve the
polycarbonate; the sample was then removed and dried.
SEM micrographs of the LCP residue onto the filter
paper substrate (as illustrated in figure 9) have shown
that the original fibril position along the radius of the
extrudate can be reasonably well preserved through the PC
dissolution process. Figure 9 also shows that most of
the LCP residue is concentrated away from the center of
the blend filaments, only the paper substrate being
visible in the core. Micrographs of higher
magnification were taken at different radial positions to
determine the fibril diameter as a function of radius.
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Figure 9: SEM Micrograph of the LCP Residue Recovered
on Filter Paper from a Longitudinal Section
along the Major Diameter of a 70/30 PC/LCP
Extrudate (DDie=3.18 mm, DR=4 , TDIE=300 °C) .
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Most of the LCP phase present in a small (< 5 microns)
particulate form was lost through the filter pores and
cannot be accounted for in this technique.
Tensile properties have been measured on an Instron
dynamometer. A gage length of 10 cm was used to
determine the strength characteristics and a length of
50 cm was employed to evaluate the elastic moduli. The
use of the longer 50 cm length for moduli determination
minimizes the effect of machine and grip compliance on
the measurements. The crosshead speed of the tester was
varied depending on the initial sample length in order to
operate at a fixed strain rate of 0.1 min" 1 . Diameter
measurements were taken every 2 cm along the length of
the extruded samples in order to calculate the average
diameter and to account for any sample variation. The
average diameter was also used to evaluate the draw
ratios of the extrudates. Stresses were calculated with
reference to the original cross-section.
Torsional properties of the filaments have been
evaluated from dynamic measurements performed at a
frequency of 0.1 radians per second on a Rheometrics
Dynamic Spectrometer. The shear stress at the outer
radius (tr ) was calculated from the maximum torque (T)
and sample diameter (D)
:
tr
= 16 T / 7T D3 (1)
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The behavior in compression was analyzed by testing
relatively short segments ( 2 < L/D < 3 ) on the Instron
dynamometer operated at 0.05 cm/minute. Compressive
strengths were calculated from the maxima in the stress-
strain curves. Dynamic mechanical properties as a
function of temperature have been measured in tension-
tension load on a Dynastat Mechanical Spectrometer at a
frequency of 1 Hertz. A dynamic load of 0.3 MPa was
superimposed to a static load of 0.6 MPa for these
measurements
.
3 . 3 Background
In order to understand the influence of processing
on the development of blend morphology and the effect of
morphology upon the mechanical behavior, it is useful to
briefly review some simple concepts from composite
theory.
The general approach in deriving equations governing
the behavior of two phase systems is to introduce the
concept of equivalent or statistical homogeneity
[160-163]. Although heterogeneity occurs on a small
scale, the composite is considered as a continuous
homogeneous medium, which can be described in terms of
statistically averaged field variables (for instance,
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stress, <a>, and strain, <e>) and "effective H properties
(for instance, stiffness and modulus)
.
A system composed of particles of arbitrary shape
and orientation, randomly distributed within an isotropic
matrix, constitutes a statistically isotropic composite.
Typical examples are particulate composites with
spherical inclusions and random short-fiber composites.
The transport properties of such systems can be
generally described by equations relating the average
flux of a conservable quantity to an average intensity
gradient, through an effective transport coefficient
[163]. For a viscous Newtonian fluid containing random
viscous inclusions, one can write, for example, that the
average shear stress in the composite, <t
c>, is given by
the product of the effective viscosity, (h*)
c , and the
average rate of strain, <or>:
Equations similar to (2a) can be written for each of the
phases, matrix (M) and inclusions (I)
:
<r r> = (h*) p <or> (2a)
<rM> = («*>M <0M>
<Tj> = (H*)-
[ <QI >
(2c)
(2b)
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The averaged quantities can be expresses as
volumetric averages of local variables and for the
composite they can be decomposed into contributions from
each of the two phases as follows:
<t
c
> =
V,
TC dV
V
c J
V,
Tj dV +
I
V
V,
rM dV
VM
V
= 0
Tj dV +
V,
V
V
Tj dV
VM
VM
0M
VM
rM dV
VM
TM dV
VM
from which
<T r> = 0Z < Tl > + 0M <TM>M M (3)
where V represents volume, <p volume fraction and
0M = 1 - 0j. Analogously, for the rate of strain in the
composite:
<Trc
> = $1 <1i> + 0M <7M : (4)
Substituting equations (2a) to (2c) in (3) and using
(4) one finds that:
(77*) c <7C> = 0X (f?*)j <7!> + (1-0!) (n*) K <TM> (5)
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or equivalently
:
(n*) c <V " *i [(i*)! - (n*) M ] <v + (it*) M
from which one can obtain:
<7t>
<7C
^_
[in ) c - c?*) M 3
01 " (»?*)„]
(6)
Similarly one can derive that:
He
<irc
:
[(»? ) c " C«l )i]
1-01 [(»?*) M -
(7)
<7t>
< TrM
0Z - 1 [<fl*) c - (77*) M ]
0 [<ri ) c - (n ) T ]
(8)
Equations (6) and (7) describe how the inclusion and
the matrix respectively deform relative to the composite
sample and state that the strain rate ratios (at a given
composition) are influenced by viscosity differences.
Equation (8) governs the relative deformation in the two
phases
Analogously, for the average shear stress one finds
that:
<r I
>
<r
c
>
1 nnc )* - (%)*]
01 [(fix) ~ (Tin) ]
(Tlr)
(nc )
(9)
The values of the strain rate and shear stress
ratios in equations (6) to (9) are determined by the
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actual dependence of the composite effective viscosity on
the properties of the phases and on composition. For
instance, when surface tension effects are small and if
the inclusions are of spherical shape and have very low
viscosity compared to the matrix:
(%) */(%)* « 1 ,
the composite viscosity can be approximated by [161]:
which substituted in (6) and (9) gives:
<il>
_
[1 - (1 - 0T )
5/ 3
3
<irc> 0T
(10)
(ii)
and
<Tj> [1 - (1 - 0T ) 5/3 ] (f? v
<T«>
c *i Ww
*
(12)
The common term in (10) and (11) including the volume
fraction dependence varies from 5/3 (i/e. 1.666) at very
small 0j 9 S to 1 at <p T = 1.
This means that, if the inclusion viscosity is very
small, the relative average shear stress <Tj>/<r c> is
also very small (equation (12)); furthermore, from
equation (11) , the average rate of deformation in the
inclusions is higher than in the composite and the ratio
of the two varies from 1.666 to 1 with increasing
concentration
.
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The conclusions just drawn have been derived through
very simple considerations. The simple approach defined
by equations (3) and (4) can be used for estimating in
first approximation the possible effect of certain
variables upon the composite behavior; this can be
especially useful when the actual properties of the
system are not known yet.
In order to derive more detailed information
regarding the behavior of two-phase systems, however, one
must consider what happens at the matrix-inclusion
interface.
The two basic processes involved in the formation of
the dispersed phase morphology during flow of biphasic
blends are: a) the deformation of spherical droplets to
a more elongated shape and b) the stability of
elongated or fibril-like particles to break-up into
droplets. Figure 10 illustrates typical deformation and
break-up processes in shear and extensional flows. The
general approach in studying deformability and break-up
is to write equations of balance for the stresses at the
interface. The tangential stresses generated during
flow are assumed to be continuous through the interface,
while the normal stresses are discontinuous. Immersed
in a flow field a drop deforms to balance the stresses
transferred through the interface with interfacial
tension forces.
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Taylor [142] first studied the deformation of a
single droplet in steady state uniform shearing and plane
hyperbolic (i.e. extensional) flow of Newtonian systems.
He pointed out the importance of two dimensionless
parameters in the deformation process: the dispersed
phase-to-medium viscosity ratio (K) and the relative
importance of viscous and interfacial forces, expressed
as the Weber number (We) . For shear flow:
T Rd ( n 7 ) RdWe = = (i3)
a i *i
where t is the tangential shear stress at the droplet
interface, also expressed as the product of viscosity (r?)
and shear rate (7) , Rd is the radius of the drop and a i
is the interfacial tension.
Taylor defined the droplet deformation, 6, as:
6 =
( L - S )
( L + S )
(14)
where L and S are the major and minor axes of the drop.
According to Taylor's theory (which is valid for small
deformations) , when interfacial effects are important the
deformation is given by:
6 = We
19K + 16
16K + 16
We (15)
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where the K dependent term in parentheses varies only
from 1 to 1.182 as K varies from 0 to ».
The predictions of Taylor's theory have been
confirmed by a number of experimental studies [148]:
droplet deformation increases with initial droplet size,
medium viscosity and shear rate and as the interfacial
tension decreases (i.e. as We increases, recall equation
(15)). The same parameters considered by Taylor
, K and
We, have been used in subsequently developed theories for
Newtonian systems to account for moderate concentrations
and time dependent and non-uniform flow fields [144-147].
Increasinq concentration (i.e. particle interactions) and
time dependency introduce a non-linearity in the
deformation dependence upon the Weber number.
It should be pointed out that associated with
deformation there is an internal circulation of fluid
within the droplets. Internal circulation is predicted
theoretically when continuity of tanqential stresses
across the droplet surface is used as a boundary
condition and it has been experimentally observed
[148]. When the viscosity of the phases is not
independent of shear rate, this effect makes unclear the
definition of the correct viscosity ratio K to use in the
equations.
The effect of fluid elasticity upon droplet
deformation has been investiqated in a number of
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theoretical and experimental studies [148, 151]. m the
approach proposed by Van Oene [151] a "dynamic"
interfacial tension (adyn ) should be considered to
account for viscoelasticity
; adyn is related to the
correspondent static property (a± ) through normal
stresses differences in the two phases:
adyn = °i + (V6) R [(N^-N^Jj - (Nir-N22 ) M ] (16)
where (NX1 - N22 ) are first normal stresses differences
in the dispersed phase or inclusion (I) and in the medium
(M)
.
It follows from this treatment that the phase with
higher elasticity tends to form droplets in the other
phase, and that a lower normal stress difference leads to
stratification.
Droplet breakup must be considered when dynamical and
viscous forces become dominant overcoming the cohesive
effect of surface tension and a critical deformation is
reached where instability occurs. According to Taylor's
theory, when interfacial tension is important the drop
will burst at a critical deformation Sc = 0.5. When
surface tension forces opposing deformation are
negligible, the drop is predicted to break in hyperbolic
flow (at sufficiently high strain rates) and to reach a
limiting deformation Slim = 5 / 2(2K + 3), independent
on flow rate, in shear.
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The observation [143-145, 147-149] that very
elongated drops present some restrictions along the
length before break-up has lead to studies based upon
hydrodynamic stability and perturbation analyses.
These analyses evaluate whether an axisymmetric
periodic disturbance such as illustrated in figure 10
grows or decays and determine the rate of the process, as
a function of material parameters and flow conditions.
By this approach and assuming a linear Maxwell
rheological model, Chin and Han [149] have predicted that
an increase in medium viscosity or decrease in
interfacial tension (i.e. an increase in We) and an
increase in medium elasticity tend to stabilize a droplet
deformed into a liquid thread immersed in a medium in a
Poiseille flow field. Regarding the rate at which
flow disturbances (perturbations) grow, the same authors
predict that large values of K (in Newtonian systems) or
medium viscosity and small values of interfacial tension
and medium or droplet elasticity all tend to slow down
the growth rate. This means that once a disturbance is
introduced into the system its rate of growth in
viscoelastic fluids can be much greater than in Newtonian
fluids.
These findings point to the importance of
considering time effects in determining the actual
deformation of the dispersed phase. In capillary
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extrusion, for instance, considering time is equivalent
to considering capillary length. Time also corresponds
to total deformation, since the deformation is given by
the product of time and strain rate.
3.4 Results and Discussion
3.4.1 General Observations
As already described in section 3.1, the
distribution of the polycarbonate and the liquid crystal
within the blend extrudate is uneven. In particular the
liquid crystalline component showed a tendency to migrate
away from the center during extrusion and often
segregated along cylindrical or spiral - like surfaces
(figure 11)
.
The phenomenon of radial migration of particles
immersed in a Poiseille flow field is well known [164-
167]. Neutrally buoyant rigid particles of any shape
migrate toward the tube axis in viscoelastic fluids and
toward the wall in pseudoplastic media [164].
Deformable particles are predicted to migrate toward the
tube axis in Newtonian and elasticoviscous media; when
immersed in a pseudoplastic liquid, a two way migration
leading to an equilibrium position takes place [164,
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a)
b)
Figure 11: SEM Micrographs of the a) Transverse and
b) Longitudinal Liquid Nitrogen Fracture
Surfaces of a 70/30 PC/LCP Extrudate
(DDie=3.18 mm, DR=2 , TDie=300 °C)
.
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165]. All the studies mentioned above are predominantly
concerning dilute systems with low-viscosities.
Regarding polymeric systems, experimental
observations have been often found not in good agreement
with the theoretical predictions. Lee and White have
recently reviewed a wide range of experimental studies
regarding polymeric blends [167], which constitute
evidence of preferential shear segregation of the lower
viscosity component toward regions of higher shear, i.e.
toward the wall in tube flow.
This seems to agree with the LCP migration away from
the core of the filaments in the blends extruded in this
work, since the liquid crystal is less viscous than
polycarbonate. However, it does not explain the
particular segregation along cylindrical or spiral - like
surfaces. One can understand, though, that if some
segregation occurs along cylindrical surfaces, further
preferential migration of the LCP will take place toward
the same surfaces, since these have become relatively
high shear regions.
Regions of voids were observed on the fracture
surfaces of the blend extrudates around the LCP domains
in the extrudates, particularly at low draw ratios
(figures 11 and 12) . These regions are in some cases
rather large and do not seem to be accounted for by
considering solely thermal expansion effects; in fact,
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Figure 12: High Magnification SEM Micrograph of the
Typical Transverse Fracture Surface of a
70/30 PC/LCP Extrudate.
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the transverse thermal expansion coefficient for the
liquid crystal fibrils (given as a rough estimate as 25
to 50 x 10_6/°C, from table 1) is not sufficiently
different from that of the polycarbonate to give rise to
such large strain differences. The presence of voids
around an inclusion on composites fracture surfaces is
generally interpreted as evidence of poor interaction
with the matrix, at least compared to stress fields
experienced at the interface. In the case of PC/VECTRAR
A950 blends, the possibility of cohesive failure within
the LCP phase cannot be disregarded, since the lateral
strength of oriented LCP is known to be rather poor.
Such a possibility could not be clearly established from
the SEM micrographs.
Differential calorimetric analysis showed that the
PC/LCP blends exhibit distinct glass transition
temperatures for the polycarbonate and the liquid
crystal. This is true also for the blends processed at
340 °C. The transition temperature of the polycarbonate
in the blends is within experimental error of that of the
neat polymer. The intrinsic viscosity of the
polycarbonate extruded at 340 °C did not show any change
from that of the as-received pellets. During the
separation of the liquid crystal component from the blend
extrudates by selective dissolution of the polycarbonate
in methylene chloride, about 98% recovery of the
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polycarbonate from the 22/78 PC/LCP blends was obtained;
in this case the total surface area of the PC-LCP
interface was the highest of all the blends (of the order
of 10 cm^ per cubic centimeter)
.
These results constitute evidence that the LCP and
the polycarbonate are immiscible and have not interacted
chemically during processing. No evidence of
polycarbonate crystallinity was found by wide angle X-ray
diffraction. Polycarbonate does not crystallize easily,
due to its very slow crystallization kinetics [168].
However, it is known that polyesters may react at high
temperatures (by transesterification, for instance) and
that polycarbonate crystallization can be enhanced by
several methods (presence of plasticizers, low T
g
miscible polymers and nucleating agents) and has been
observed to occur on the surface of carbon fibers [168].
The results of this work cannot exclude that
reactions may occur at higher temperatures and/or after
longer times than those considered here, nor that
polycarbonate crystallization upon the surface of the
liquid crystal phase can be induced by appropriate
thermal treatments. Both reactions between the two
phases and crystallization at the interface can lead to
improvements in interface strength, but were not observed
in this work.
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3.4.2 Effect of Extrusion Temperature
Four different extrusion temperature profiles have
been employed to test the sensitivity of morphology and
properties to process temperature:
300-300-280-265 °C
280-290-300-300 °C
300-310-320-320 °C
320-330-340-340 °C
In three of the profiles the temperature has been
increased along the extruder by a total of 20 °c, the die
temperature (TDie ) varying between 300 and 340 °C. A
decreasing temperature profile has also been considered
setting TDie= 2 65 °C. For simplicity the thermal
profile will be referred to referencing the die
temperature. A capillary die of diameter DDie = 3.18 mm
and (L/D)oie = 3 and spontaneous cooling in air was used
for these extrusions.
The shear rate (7app) at the capillary wall was
calculated from measurements of the mass (M) extruded in
a fixed period of time (t)
:
(32 M/t)
*app = 3
(17)
PP
*p(DDle )
Here p is the density of the materials which was taken as
1.2 g/cm 3 for PC, 1.38 g/cm3 for the liguid crystal and
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was calculated from the additivity law for the PC/LCP
blends. The draw ratio of the extrudates was maintained
almost constant, ranging from 3 to 4 . A precise control
of the diameter could not be maintained using this
process. Blends containing 5% and 30% by weight of
liquid crystal and the neat components were extruded and
the measured properties are listed in table 4.
Typical curves illustrating the tensile behavior of
the extrudates are shown in figure 13. The stress-
strain curves of neat polycarbonate showed ductile
behavior; after reaching a maximum of 63 MPa at about
6% elongation the stress decreases to a value 15% lower
and exhibits little strain hardening up to 70% strain,
where testing was stopped. The initial slope of the
curve gave a modulus of 2.7 MPa. The elastic modulus of
the liquid crystal was 10 times higher; the behavior
deviates from linearity up to about 1.5% deformation and
the material fails at around 3.5% strain, at a stress
level of almost 400 MPa.
The addition of 5% LCP to the polycarbonate matrix
produced a maximum increase of 30% in modulus and 35% in
strength (table 4) . Yielding was observed in only a few
of the extrudates, which mostly failed at about 6%
strain; however it can be presumed that early failure
could be induced by some sample non uniformity. Raising
the concentration of liquid crystal in the blends to 30%
60
« PC
>70
STRAIN (%)
Figure 13: Typical Stress-Strain Behavior of Neat LCP,
Neat PC and 70/30 PC/LCP Extrudates with
Fibrillar and Spherical Morphologies.
61
<U
id
Eh
<4-l
o
m
u
*H
-P
CO
•H
^
0)
P
U
03
U
03
x:
o
03
o
•H
c
03
x:
o
TJ
C
CO
03
O
•H
CT>
O
o
JB
a
u
0
T3
C
(0
m
c
o
•H
-P
•H
*C
C
o
u
-P
03
a)
a
e
a>
Eh
C
o
w
^
-p
x
w
o
«P
O
<D
<4-l
w
E
e
00
II
•HQQ
CO
w
0)
u
o
a*
in
a>
-p
03
P
X
w
T3
C
a>
DQ
CU
u
\
u
W
H
05
w
0<
o
05
o
o
ij
o
K
04
O
s
03
o
CQ o*>
X
b
03
0<
2
CO
W 5J Q
u —
H 3.
Eh w
05 C
< Q
a.
CO w
J c
m a
05
CQ
H
O H (N H
^ in r> cm
• • • •
n n m
in
co mo
VO I . .
A LO VO
VO
tt
co co co vo
in i i
in vo in m
in in m in
in in in in
n n n «
o
r> o ^
co I oo n
o
CO
1 > i a\ H vo 1 iH o VO 1 c*
i id • • • • • • • •
I
• •
i 1 (N 1 1 ro
i a
z
H
CO
CO i a iH 1 CO CM
w 1 (0 1 I 1 1 1 1 04 1 CO CO ON
o 1 ->o W 1 a i
o O 1 •j i
« •J 1 \ i
P4 \ 1 U 1
0 O 1 in o O o I 04 1 in o o O 1 O o
1 -H U 1 P< 1 vo o l VO o CM o o
1 T3 O 1 D r> r> I O 1 CM r> m r> i m
m i rn I\ i \ I 04
m i O 1 O O
oi i i 04 H4
o in in o
G\ C\ H O
• • • •
r** r*- m
^ Is H
• • • •
co co
in cn in
o
in
I t I
in
I I I CM
in
tt in in i
• • •
in <n i
o cn *r
• • •
cn in o o
G\ a\ a\ cn
O
o
• •
CM 01
CM
O ^
A CN
m o
vo co
e
s
CO 03
rH 0)
•
.c
ro CO
a) a
*h a
T3 03
62
corresponds to a three fold increase in modulus, a 150%
improvement in strength and a considerable reduction of
elongation. These extrudates exhibited mostly brittle
fracture.
Also listed in table 4 are some morphological
parameters which can be used to describe the two phase
structure of the blends and to establish some
correlations with processing conditions and mechanical
properties. A considerable extent of fibrillation of
the LCP phase was generated during extrusion at the three
lower temperature profiles; the fraction of LCP fibrils
(in contrast to particles) is around 80-85% in the 5% LCP
blends and above 90% for the 70/30 PC/LCP.
The diameter of the fibrils decreases from the core
of the extrudates, where also most of the LCP particles
are present, toward the skin. The number and weight
averages of the diameters of the LCP listed in table 4 as
Dn and Dw give an indication of the distribution of sizes
of the fibrillar and particulate phases. The fibril
diameter was not significantly influenced by temperature
for the three lower temperature profiles investigated.
The average fibril diameter is approximately 0.35 \l and
there is a slight increase (to 0.42 /i) for the 30% LCP
when extruded at 320 °C.
The influence of processing temperature on the
tensile properties is schematically represented in
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figure 14. Extrusion temperature had little effect on
the 5% LCP blend, although a reduction in modulus and
strength was observed when the highest temperature
profile was used. Referring to the 70/30 pc/LCP
blends, optimum elastic and strength properties were
achieved extruding at TDie = 300 °C. Almost comparable
properties were obtained at 320 °C. Extruding at
TDie = 340 °c has a detrimental effect on the mechanical
performance both in terms of modulus and strength, which
decrease to almost the same values observed for the pure
polycarbonate. The extrudates processed at 2 65 °C
retained the same modulus exhibited at 3 00 °C, but the
strength was considerably reduced.
When the 30% LCP blend was extruded at 265 °C the
formation of a very irregular skin layer mostly composed
of LCP was observed, as shown in figure 15. The die
temperature in this case is well within the solid-to-
liquid crystalline melt transition range of the LCP,
which can be recalled to extend from about 200 to 300 °C
with a final peak at about 280 °C. The formation of the
skin can therefore be attributed to the supercooling and
solidification of the LCP component (which had been
observed to preferentially migrate away from the center
of the extrudates) toward the die wall before exiting the
extruder. The presence of this skin made the
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Figure 14! Effect of Extrusion Temperature on the Tensile
Modulus and Strength of Neat LCP, Neat PC, 9 5/5
PC/LCP and 70/30 PC/LCP Extrudates.
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Figure 15: Effect of Extrusion Temperature on the
Morphology of the LCP Phase Isolated from
70/30 PC/LCP Blends.
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determination of the morphological parameters reported in
table 4 for this blend rather imprecise.
It can be presumed that the skin layer formed at
TDie = 265 °C constitutes an LCP possessing a high degree
of alignment or in any case a structure which is highly
efficient in mechanically reinforcing the blend. In
fact, the elastic modulus of this extrudate is comparable
to that of the same blend extruded at 3 00 °c, which is an
almost totally fibrillated blend. This finding may be
taken as an indication that deformation in an undercooled
state can be very effective in inducing a mechanically
rigid structure of the LCP; much more experimental
evidence though is needed to draw any conclusion
regarding this point. The skin layer generated at
TDie = 265 °c aPPears to be very nonuniform (figure 15),
as also indicated by the low strength characteristics of
this blend.
A drastic change in morphology was observed when the
PC/LCP blends were extruded at 340 °C (figure 15 and
table 4) . The extent of fibrillation only reached about
3 0%, a considerable reduction relative to the other
extrudates. Furthermore the fibrils were observed to be
shorter and of thicker more irregular diameter
(Dn = 1.5 ju and Dw = 2.5 |j in 95/5 PC/LCP) especially in
the core. The LCP particles were approximately
spherical and relatively small, Dn = 0.25 n for the 70/30
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PC/LCP extrudate; in this blend many of the LCP
particles are concentrated in the skin (which felt rough)
and the particle dimensions were larger in the core.
The effect of this morphology is reflected in a large
decrease in tensile properties compared to the fibrillar
blends (figures 14).
In order to understand the effect of morphological
changes upon the mechanical behavior of the PC/LCP
blends, one can recall composite theories. In the
hypothesis of linear elastic statistical homogeneous
composites, stress-strain relations analogous to those
for homogeneous materials can be written for each of the
two phases (inclusion (I) and matrix (M) ) and for the
composite (C)
:
(18a)
(18b)
(18c)
where L represent the effective stiffness matrix for the
composite and each of the phases. Following a similar
derivation as that outlined in paragraph 3.3, one can
obtain:
<6
c>/<e I > = [(L*) c " (L*) M ] [(L*) x - (L*)^-
1
<PT (19)
<3>
x
= (L*)
I
<€
I
>
<£>M = (L*) M<€M>
<Q>c = ( L*)r<lr>
68
and analogous equations for the strain in the composite
relative to the matrix and that in one of the phases
relative to the other. These equations show that the
relative deformabilities depend upon differences in
stiffness coefficients. For the shear moduli, G, for
instance:
<e
c
>
< G ) c - <g*)m
( G*)l - (G*) M
0 (20)
As specified in paragraph 3.3, equations (19) and
(20) are valid for any two-phase statistically
homogeneous system, but the value of the elongation ratio
depends upon the functional dependence of the composite
stiffnesses from the properties of the two phases and
their volume fraction. One can rewrite (20) as:
GC - GM 1-0
<e I>
<CM>
<€ X
>
+ Gj
<CM>
(21)
which reduces to the rule of mixtures if c T = eM .
Deviations from the rule of mixtures can be interpreted
as embedded in a correcting factor (<6j>/<eM>) for the
volume fraction 0j.
Regarding the effective elastic properties for
unidirectional fiber composites with transversely
isotropic phases, the longitudinal tensile modulus (EL )
can be expressed as [162]:
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EL = EF + EM <*>M +
4
^M " yF > VK VF
0M/KF + 0p/KM + 1/GM
(22)
where E and G represent the tensile and shear modulus
respectively, <p the volume fraction, v the Poisson's
ratio and the subscripts M and F refer to the matrix and
the fibers respectively.
If the fibers are considerably stiffer than the
matrix, the last term in equation (22) is usually
negligible and the composite modulus in the fiber
direction can be estimated from the well known rule of
mixtures; this rule is also rigorously valid when the
Poisson's ratios of the two phases are equal. It is
clear that the longitudinal modulus of a matrix can be
remarkably improved by the addition of stiffer fibers.
For particulate isotropic composites, one can
calculate the tensile, shear and bulk moduli using the
model based on a differential approach proposed by Farber
and Farris [161]. The model has been shown to represent
remarkably well experimental data for a wide range of
concentrations. Although the equations are not reported
here, the dependence of the tensile modulus upon filler
concentration is illustrated in figure 16. The behavior
of a fiber composite longitudinal tensile modulus
according to equation (22) neglecting Poisson's effects
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is also shown in the same figure. i„ both cases a
filler-to-matrix modulus ratio of 40 has been assumed.
It is evident from a comparison of the two curves in
figure 16 that the matrix stiffening effect arising from
a particulate reinforcement is very modest. This
explains the drastic difference in mechanical properties
observed between the fibrillar blends and the particulate
composite obtained at 340 °c.
Since it is highly desirable to generate during
processing a fibril-like morphology, one should discuss
possible explanations for the drastic morphological
change induced by increasing the extruder die temperature
to 340 °c.
In order to find some correlations between the phase
morphologies generated in the extrudates and the flow
field experienced during processing, reference has been
made to rheological data kindly provided by Dr. Fiorenza
Gaggini. The flow curves of neat PC and neat LCP
measured at the four die temperatures utilized for
processing are represented in figure 17. Measurements
were performed at the Istituto Donegani using a Rheograph
2001 Gottfert capillary rheometer equipped with a 1 mm
diameter and L/D =20 die.
No correlation could be found between the PC-to-LCP
viscosity ratios taken at the extruder capillary wall
shear rate ( 90 s" 1 in this case) and the blend
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morphologies. Tsebrenko [153, 154] observed
experimentally that in polymeric blends thin fibrils are
produced at viscosity ratios K of the order of l and the
morphology transforms toward shorter fibrils and then
particles
( when K > 10) as the ratio increases. The
viscosity ratio for the PC/LCP blends was approximately
1/4 for all of the three higher temperatures and this
parameter would not account for the radical transition
from a fibrillar to a spherical morphology observed at
340 °C.
It must be considered however that the rheological
properties of the liquid crystalline are known to be
extremely sensitive to both flow and thermal history;
this makes the correspondence between the rheological
behavior of the LCP in the extruder die and the
rheological measurements very vague. The material which
reaches the die has been subjected to complex shear and
elongational deformations, coupled with a thermal
gradient, as it travels through the extruder; it is
therefore very difficult to establish the effect of this
previous history upon rheological properties.
Furthermore the consideration of only the flow
within the die may be incorrect; the morphology of the
blend evolves continuously along the extruder and the
rheological conditions within the capillary may not be
the (only) determinant factor. The morphological
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evolution during flow makes it difficult to derive
meaningful information about the flow behavior of blends,
unless a corresponding morphological analysis is
performed.
For the blends extruded in this work, it was
observed that the dimension of the LCP phase undergoes an
enormous reduction during extrusion: from an initial
pellet about 2 mm in diameter and 2 mm in length, 107
fibrils (of diameter 0.5 p and L/D =1000) or 1011 spheres
(of diameter 0.5 /Lt) form in the blend extrudates. This
observation constitutes evidence that a remarkable
deformation of the LCP phase has in any case occurred
during processing. The determining factor for the
formation of particle as opposed to fibrillar
morphologies must therefore be the stability of the
fibrils to break-up and not whether droplets deform.
Some signs of fibrillar instability are evident in
figure 7, where constrictions are clearly visible along
the length of many of the elongated or fibrillar domains.
Assuming a linear Maxwell model to be a valid
representation of the rheological behavior, one can
recall that a decrease in polycarbonate viscosity or
elasticity and/or an increase in interfacial tension
could contribute to fibril destabilization [148]. Lower
medium viscosity or elasticity, lower LCP elasticity and
larger interfacial tension tend to enhance the
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perturbation growth rate. From the data in this work,
the only factor of importance for the morphological
transition at 340 °c seems to be the decrease in
polycarbonate viscosity; data on other parameters are
not known. it has also been reported [146] that, in
steady elongational flow, the effect of medium viscosity
dominates over elasticity and over the viscosity of the
dispersed phase in influencing droplet deformation.
It is therefore concluded that the liquid crystal is
readily deformable during extrusion of blends with
polycarbonate. However, once very elongated or
fibrillar LCP structures are formed, their stability to
break-up under the influence of flow perturbations is
dependent upon the polycarbonate or medium viscosity.
Processing at too elevated a temperature, especially at
the exit from the die, may induce a fibril-to-particle
morphological transition which transforms the blend from
a fiber composite to a particulate composite.
3.4.3 Effect of Die Geometry
Capillaries of different geometry were used as
extrusion dies in order to vary the flow conditions and
observe the effect upon morphology and properties of the
70/30 PC/LCP blend at TDie = 300 °C. This temperature
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was chosen because of the optimal microstructure and
performance obtained in the investigation presented in
section 3.4.2.
The shear rate at the die wall was varied from 10 to
about 10 3 s-1 using capillaries of decreasing diameters.
Extrusion conditions and morphological and mechanical
data are illustrated in table 5. The blends were
extruded at very low draw ratios (1 < DR < 2) . since
the capillaries used had different length-to-diameter
ratios, the influence of (L/D) Die is superimposed to that
of shear rate in this study.
Shear rate seems to play an important role in
determining the blend microstructure. An increase of
shear rate appears to correspond to an enhancement of the
extent of LCP fibrillation, which changes from 40 to
almost 100%. Using the filament extruded from the
3.18 mm die as a reference, an improvement of almost 40%
in tensile modulus and an increase of about 20% in
strength was attained operating at a shear rate 20 times
higher. The strain at break was correspondingly
reduced. At 1600 s" 1 some fraction of the LCP
microfibers appeared to be interconnected. The filament
extruded through the largest die was very nonuniform and
hollow in many sections and exhibited rather poor
strength; the fibril diameter was considerably larger
than in the other two extrusions.
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Neglecting the effect of the differences in
(VD) Die , these results indicate that higher shear rates
favor fibrillation and tends to reduce the fibrils
diameter. Such an effect is also consistent with the
skin-core differences experimentally observed in all of
the extrudates (figure 18). The formation of a larger
concentration of thinner microfibers in the skin layer
relative to the core can be associated with the higher
shear rates and stresses generated in that region during
flow. The preferential migration of the LCP component
toward the skin may also enhance the shear rate
difference with respect to the core, as a result of the
increase in concentration of the lower viscosity
component in the skin region.
The blend processed in the Haake at the lowest 7 was
re-extruded through capillaries of (L/D) Die = 10 and 30
(D=l mm) in the Gottfert rheometer (at 7 = 720 s" 1 ) with
the intent of investigating the influence of (L/D) Die .
The morphological characterization of these extrudates
indicates an increase in fibrillation with (L/D) Die .
Assuming similar morphologies are formed at the
entrance of the extruder die and of the rheometer die
respectively, this finding suggests that both shear
stress and (L/D) D^e may have contributed to the
enhancement of the fibrillation observed earlier for the
extrusions with smaller die diameter. For the
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Figure 18: SEM Micrographs of LCP Fibrils Isolated from
the 70/30 PC/LCP Filament Extruded at 300 °C
(Dpi$=3 . 18mm, DR=4) Illustrating Skin-Core
Fibril Diameter Variations.
80
extrusions in the Gottfert rheometer, the effect of
L/DDie can also be interpreted as an effect of larger
total deformation experienced by the system when flowing
through longer dies; the deformation at any time t can
in fact be expressed as yt, where t is the residence time
of the material in the shearing flow field.
3.4.4 Effect of Drawing
The pure liquid crystal has been extruded in the
Haake Rheomex through a capillary die of diameter 1 mm
and length-to-diameter ratio of 9.6, and drawn at three
different take-up speeds in order to determine the
influence of drawing upon the mechanical properties.
The extrudates were spontaneously cooled in air.
The tensile modulus and strength at break are
illustrated as a function of draw ratio in figure 19. A
four fold increase in both modulus and strength could be
attained by increasing the draw ratio from 4 to 16. The
change is approximately linear and very similar for these
two properties, although a slight reduction of slope can
be seen at the larger drawing ratios.
The values of tensile modulus and strength measured
for a filament extruded from a die of larger L/D
(Dpie = 3.18 mm, L/DD^e = 3) have been reported on the
(BdO) 3
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same graph. a modulus of about 3 0 GPa and a strength of
480 MPa have been attained for this filament and these
experimental points lie above the data relative to the
extrudates processed with (L/D) Die = 9.6. This finding
seems to agree with previous observations reported in the
patent literature [166], which show that extrusion
through very short dies can result in an improvement of
the properties of LCP extrudates.
Smaller L/D's correspond to shorter residence times
in the capillary. Tsebrenko and coworkers [152, 154]
have proposed that the process of fibrillation of
polymeric blends during flow through a die develops in
three stages: a) deformation and coalescence of the
drops into aligned fibrous structures due to the
extensional stresses at the die entrance [152];
b) buckling of the fibrils induced by relaxation of these
stresses in the first section of the capillary;
c) straightening and reorientation of the fibrils
subjected to the shear field further away from the
entrance. According to this model and to some
experimental observations reported by Vinogradov et al.
[152], it can be presumed that the elongated structures
formed at the entrance can be frozen in the system if the
capillary length is sufficiently short to prevent the
establishment of stage b) . Such an idea can be proposed
as an explanation of the properties improvement obtained
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for the LCP extruded with (L/D) Die = 3 relative to the
< L/D>Die = ^ filament. a similar effect of capillary
length has also been observed by Isayev and Modic [101]
for extrudates of LCP 2000 (a liquid crystalline
copolyester obtained from Celanese and reported [101] to
be a 70/30 HBA/HNA copolymer) and of its 10% blend with
polycarbonate; the authors justified the results in a
similar fashion as given here.
The influence of drawing has also been investigated
upon a 70/30 PC/LCP blend. Filaments were extruded at
TDIE = 300 °c through the 3.18 mm capillary (L/D =3) and
drawn to draw ratios of 2 to 6.4; the shear rate, 7
^PP
was kept constant at approximately 90 s" 1 .
The effect of drawing upon the mechanical properties
of these blends is reported in table 6 and represented in
figure 20. Increasing the draw ratio from 2 to 6.4
leads to almost 80% improvement in elastic modulus and to
about 4 0% increase in strength. Due to the limited
number of data points the exact dependence of the
tensile properties on draw ratio cannot be defined.
However the strength shows a tendency toward a plateau at
high draw ratios (DR>4) , and also the increase in modulus
becomes less significant as draw ratio increases
(figure 20)
.
Regarding the microstructure of the blends,
increased drawing induced a reduction in the average
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dimensions of both types of LCP morphologies, spherical
and fibrillar (table 6)
. Measurements of the fibrils
diameters along the radius of the extrudates have shown
that the major effect is upon the fibrils formed in the
core of the filaments. This is shown in figure 21,
which illustrates a comparison between the draw ratio 4
and the draw ratio 6.4: there is a remarkable change in
the fibril diameter profile along the radius of the
extrudates, the profile becoming flattened as the draw
ratio increases. The fibrils in the core, which were
relatively thick at low DR's because they are generated
in a region of lower shear stresses and with little
drawing, are the most affected by drawing; their
diameter was reduced ten times. An increase in the
extent of fibrillation also occurred as a conseguence of
drawing, the percentage of fibrils relative to discrete
LCP domains having increased from 73% (at DR = 2) to 97%
(at DR = 6.4)
.
These results show that the elongational nature of
the drawing process is clearly much more effective than
the sole shear in the capillary in generating a uniform
fibrillar morphology within the polycarbonate. Drawing
is performed at the die exit and acts upon a mixture
which is lower in temperature with respect to the
material which is flowing within the die (because of
cooling in air) . Temperature may play a role in
87
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Figure 21. Effect of Draw Ratio on the LCP Fibril Diameter
Distribution along the Radius of a 70/30 PC/LCP
Extrudate (DDie=3 . 18mm. TDie=300°C)
.
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favoring a further extension of the LCP domains, through
its influence upon the rheological characteristics of the
mixture. The effect of extension is more pronounced in
the core also because the LCP domains in that region are
larger and more susceptible to deformation [139].
The properties of the blend extrudates depend upon
the morphology (shape and orientation distribution of the
domains)
,
the interaction between the phases and the
intrinsic properties of the LCP reinforcement. in order
to deduce an estimate of the properties of the LCP
fibrils generated in the polycarbonate matrix during
extrusion, the blends have been assumed to behave as
unidirectional composites of continuous fibers. The
elastic moduli ( Ep ) and the strength ( ap ) of the LCP
fibrils have been back-calculated from the measured
properties of the blends (Eg
,
aB ) and the neat
polycarbonate ( Epc , apc ) and the volume fraction of the
fibrils ( 0p ) through equation (17), neglecting
Poisson's effects:
EB = Ep 0p + Epc (1 - 0p )
°B
= CTF + aPC
"
(23a)
(23b)
The calculated data are reported in table 6. The
elastic modulus and the strength increase from 18 to
29 GPa and from 34 0 to 410 MPa respectively, going from
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DR
= 2 to DR = 6.4. The improvement in modulus
(about 60%) is more significant than the change in
strength (20%). It can be noted that the properties of
the fibrils are close to those measured for the neat LCP
extruded in similar processing conditions; at DR = 5
the LCP exhibited a modulus of 29 GPa and a strength of
480 MPa. The elongational flow during drawing seems
therefore to enhance both the extent and uniformity of
LCP fibrillation and the mechanical performance of the
fibrils.
It must be taken into account that the use equations
(23a) and (23b) implies the assumption of perfectly
aligned continuous fibers of uniform properties. For
moduli calculations it is reasonable to assume fibrils
continuity, since the length of most of the LCP fibrils
(observed by microscopy) gives an aspect (length-to-
diameter) ratio well above 500. in order to understand
however the significance of fiber continuity, it is
useful to consider what is the effect of the fibril
length (or length-to-diameter ratio, (L/D) p ) upon the
composite modulus. According to the Halpin and Tsai
equation [170-172] the longitudinal tensile modulus of
the PC/LCP blends (E
c ) can be expressed as:
Ec 1 + (2L/D) F 0F
= (24a)
EF 1 - 0 0F
90
where B =
ef/epc
_
1
*T7Z (24b)EF/Epc + (2L/D) p
Equations (24a) and (24b) are approximations of more
exact micromechanics analyses and describe the behavior
of a perfectly unidirectional composite when Poisson's
effect are negligible.
Figure 22 illustrates the dependence of the 70/30
PC/LCP blend-to-polycarbonate modulus ratio (Ec/Epc )
upon the LCP fibril aspect ratio. The different curves
have been drawn according to the prediction of the
Halpin-Tsai equation for various values of the LCP
fibril modulus (Ep ) . The curves tend to approach an
asymptotic constant value, indicative of a similar
behavior as for a continuous fiber composite (i.e. in
accordance to equation (23a)), at decreasing L/D's as Ep
increases.
Figure 22 shows that, if the "effective" modulus of
the LCP fibrils generated during processing could be
improved, shorter fibrils could perform as well as longer
fibrils of lower modulus; this means that the
requirement of producing very long fibrils to achieve
good composite performance would become less stringent.
Fiber discontinuity can have a very detrimental
effect upon the strength characteristics of composites
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even when the fiber are rather long (and equation (23a)
is applicable)
,
since stress concentration occurs at
fiber ends. Typically only about 60% of the value of a
fi
predicted by equation (23b) is experimentally observed
when the reinforcing fibers are long but discontinuous.
The application of this equation is in this sense
incorrect and is considered here only as a very
simplified data analysis.
The additional assumption of unidirectionality
implies that the calculations underestimate the intrinsic
properties of the LCP fibrils. In fact the LCP fibrils
may not be straight and perfectly aligned; any waviness
along the fibrils has to disappear (straightening) and
then alignment has to occur upon loading before the
composite structure can behave as ideally assumed.
These two processes have been neglected. Further
discussion of the effect of the reinforcement alignment
upon the mechanical behavior is included in the following
section.
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3 * 4 ' 5
BehavLf °rientation the Mechanical
The degree of global orientation of the LCP chains
along the extrusion direction has been estimated by wide
angle X-ray diffraction recording on the D500
diffractometer the azimuthal intensity distribution
(I(X)) of the 19.7° equatorial peak (table 7 and figures
23-25) ; this reflection corresponds to the average
interchain distance of the LCP ordered phase.
From the values of HWHH, which represents the half
width at half height of the azimuthal diffraction
intensity profile, it can be observed from table 7 that
the alignment increases with draw ratio. Lower values
of this parameter are usually taken to correspond to
better alignment.
A better estimate of the alignment has been derived
by calculating the Herman orientation factor (FH ) [173]:
3 <cos 2x> - 1
FH = (25)
2
where <cos 2x> represents the average cos 2x. In contrast
to HWHH, the calculation of FH takes into account the
whole intensity distribution of the equatorial peak
along the azimuth (I(X)), which is related to the
orientation distribution function of the LCP molecules.
94
Table 7
Orientation of the LCP Phase as Determined by WAXD
DR HWHH F
(degrees)
Neat VECTRAR A950 Extrudate
70/30 PC/LCP Blend Extrudate
22/78 PC/LCP Blend Extrudate
Heat-Treated VECTRAR Yarn
HWHH: Half Width at Half Height of the Azimuthal WAXD
Intensity Profile at 20 = 19.7°.
FH : Herman Orientation Factor.
5 13 0.55
4 12 0.31
7 8 0.42
6 12 0.46
6 0. 87
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Figure 25: Equatorial and Orientational WAXD Scans for
Heat-Treated VECTRA Yarn.
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The average of the cos2X can be calculated by WAXD as:
<cos^x> =
I(X) cos 2x sinx dx
J 0
I(X) sinx dx
(26)
A correct background subtraction for the intensity
profile is of critical importance, since the values
obtained for FR are extremely sensitive to this
parameter. The orientation factor values reported in
table 7 have been calculated estimating the background
from the meridional intensity profile. Although the
data can be taken to represent reasonably well
differences in LCP alignment, the precision is not very
high; essentially, the method cannot distinguish
between FR values differing by less than about 0.08.
From the data in table 7, the global LCP orientation
in the blend extruded at a draw ratio of 4 is lower than
that of the neat LCP extruded at DR = 4.8. This
indicates that alignment of the LCP molecules by
extrusion within the polycarbonate matrix has not been as
effective as processing and drawing the neat liquid
crystal. The alignment improves when the blend is drawn
99
to DR = 7, although it remains somewhat lower than that
of the neat polymer. The orientation observed by WAXD
derives from the superposition of both molecular
alignment within the fibrils with respect to the fibril
axis and orientation of the fibrils relative to the
extrusion direction. Elongational flow can and most
probably does contribute to improve both, but the two
effects cannot be separated by the WAXD technique.
Regarding the mechanical behavior of a non-perfectly
unidirectional composite, the angular dependence of the
tensile elastic modulus (Ec ) can be expressed for a two-
dimensional system as [160, 171, 172]:
1 <cos 4x> <sin4x>
=
+ + <sin2x cos 2x>
EC EL ET
1
_
2VTL
G ET
(27)
In equation (27) EL , ET , and G indicate the longitudinal,
transverse and shear moduli respectively and i/TL the
Poisson's ratio of a perfectly aligned system; the
bracketed trigonometric functions represent averaged
quantities calculated from the orientation distribution
function of the reinforcing elements with respect to the
loading direction.
The average quantities in equation (27) have been
calculated by WAXD in a similar manner as described for
<cos 2x> (equation (26)) for the neat LCP extrudate, for
100
some of the blends and for the heat-treated VECTRAR
fibers. For <sin2X cos 2X>, for instance:
<sin2 x cos 2x> =
7T
I(X) <sin2x cos2x> sinx dx
o
I(X) sinx dx
(28)
The results are reported in table 8. The sum
<cos 4x> + <sin4x> + 2 <sin
2
x cos
2
x>
was equal to unity (± .001) for all of the samples, as
expected from the trigonometric relationship:
cos 2 x + sin2 x = If
which demonstrates the consistency of the calculations.
The angles x calculated from the inverse of the
trigonometric averages have been also included in
table 8. It can be noted that, for each of the samples,
the angles corresponding to <cos 2x>, <cos 4x> and <sin4x>
are different, which shows that it would be incorrect to
assume a single average angle in calculating these
averages In order to show the possible error, the
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averages <cos 4X>, <sin4X> and <sin2X cos2X> were also
calculated directly from the angle
<X> = arccos (<cos2x>) 1/ 2 1
i.e. assuming <X> to represent the average LCP
misorientation. As can be seen in table 8, these values
are indeed different from those derived integrating the
WAXD intensity distribution, especially for the PC/LCP
blends
.
In order to analyze the mechanical data obtained in
this work, the unknown values of the coefficients of the
trigonometric averages in equation (29) have been
estimated from a linear regression analysis of the WAXD
and mechanical data for heat-treated VECTRAR
, the neat
LCP and the three PC/LCP blends (table 9). For the
blends, the LCP fibrils have been assumed as perfectly
aligned along the extrudate axis, considering therefore
the measured orientation to represent the LCP alignment
within the fibrils; the fibril moduli calculated from
the rule of mixtures have therefore been used as Ec in
equation (29)
.
As also reported in table 9, the following results
were obtained from linear regression:
EL = 161 GPa
Erp =9.9 GPa
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Table 9
Linear Regression Scheme and Results
1/Eci = BU Xx + B2i X2 + B3i X for each of the five
samples (i=i to 5)
where
:
B
B
B
li = <cos%>
2i = <sin^x>
2i = <sin
2
x cos
2
x>
xl = VEL
X2 = 1/ET
X 3 = 1/G - 2l/TL/ET
- Minimize [(^dexp,! " ( Bli *1 + B2i X2 + B3i X 3 )] 2
i=l
^
036
042
018
764
543
281
. 543
. 299
.124
.281
. 124
. 056
X
Results el :
X, =
161
9.9
. 0715
GPa
GPa
1/GPa
TENSILE MODULUS Ec (GPa)
From Linear Regression Experimental
and WAXD
HT-VECTRAR
VECTRA A950
7 0/30 PC/LCP
DR4
DR7
3 0/70 PC/LCP
84
33
22
28
24
95
29
23
29
24
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G ET
=0.35 1/GPa
From these data, values for the tensile modulus Ec have
been calculated for each of the five samples and are
compared to the experimental moduli in table 9. The
agreement is very good, the deviation being at the most
15% (for heat-treated VECTRAR )
.
The regression analysis predict that, if VECTRAR
fibers with perfect molecular alignment (F„ = 1) could be
produced, the longitudinal modulus could reach a value
70% higher than that observed with FR = 0.87. The
transverse modulus is 12 times smaller than the
longitudinal. The estimates for the shear modulus and
the Poisson's ratio cannot be separated, although from
the requirement of a positive G one can derive that
^TL > "°- 35 -
The value of ET seems somewhat overestimated
compared to the experimental value of 3 . 4 GPa reported by
Ide and Chung [88]. Ide and Chung measured the modulus
of extruded sheets of VECTRAR A950 (namely "polymer 1",
as recalled in chapter 2) at various angles to the
machine direction. At 0° the modulus was 30 GPa.
DiBenedetto et al. [45] have derived a value of 0.5 GPa
for the transverse modulus of the HBA/PET liquid
crystalline copolyester. The results presented here
have been obtained from one data point at high LCP
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alignment (heat-treated VECTRAR yarn) and four data
points in a narrow intermediate-orientation range (neat
VECTRA* A950 and VECTRA* A950/PC as-prooessed extrudates)
and this can be the cause of incorrect estimates.
The angular dependence of the tensile modulus as
calculated from the linear regression results is reported
in table 10 and represented in figure 26; in order to
use the calculations to draw the curve in figure 26, a
single average angle has been used to calculate the
trigonometric functions and to assign the abscissa
values, i.e the expression:
EC (X)
4 . 4cos^x sm^x
+ + sin2x cos2 x
21/TL
(29)
has been used instead of (27)
.
The behavior in figure 26 is characteristic of the
off-axis modulus of a fiber composite, with a sharp
decrease at low angles followed by a more gradual change
at large angles. Except for the heat-treated VECTRAR
fibers, the data obtained in this work lie in the
intermediate region (x = 30 to 45°) where the modulus is
not very sensitive to orientation. The modulus of a
randomly oriented sample would correspond to an average
misorientation of about 55°, and according to this work a
106
to
T3
O
4J
03
E
•H
4J
w
w
CO
cs
2
u
>
0
w
3
o
w
0)
0)
0) —
CD
c
cn
c
0)
E-1
0)
o
O
c
OJ
T3
C
OJ
a
a
u
to
Cn
c
<
x
CN
W
o
0
X
CN
c
-H
CO
ID
H
o
x
CO
CO
o
o
X
W
o
0
CN
vo
o
o
u
CN
o
0
<N
X
cn
o
u
CN
o
o
w
OJ
Jh
0)
T3
I
o VO GO in in rH o inX 1 o GO cn CN in vo
1 o CO in CN n CN oE
Ph
1 o <7\ cn GO CO vo m
1 H O o o o o o o
n CO o cn rH COo ro VO in m inX CD cn in rH cn o rH H
CN ro Cn in <n rH <nU u • • • • • • •
rH O VO m in n rn
vO m CN <n m n
rH rH H
(NOooinorHinincovoo
comrHorgrncN^incoo
o o o o
I
o
I
o
I
o
I
o o
I
o
I
in o
VO O
CN vO
o o
ro
CO
CN (Ti CO
m co o
co o rH
vo co
cn
co co
rH rH
n o
C^CNCOVO^rCNrHOOO
SO
o
CN
cn
•
cn
o
o
o
o
in CN in CO m CO in O in CO in r* co in CN in o
cn CN CO vo o CN o (N o VO ro CN cn oo CN SO o CO CN in CN CO o vO CM o oo o O rH rH CN CN CN CN CN rH r-i rH o o o o
oooocoooooooooooooo
Omcninr^cnincN>OTmOOO^riH(\cooOtOooooHcnoof^m^mOOCOOOOrHrHCNr-)^
in
CN
vO
m
> in vo cn o
<r cn o o ^ o
> <? cc o
c > co cn cn o
ocoooooooooooooo o o
o<nvoinr^r^mnTTO>cNincn>incnrHOOrroocn^cNO^roococNrHnTrcoo
oco^rr^r^r^vomTrmr^ovonrHoooo
ocncncor^vomTrncNrHrHoocoooo
oooooooooooooooooo
O^COOO^OOCDOCNOOVOOCCNOCOcNcnrnrnrHOrHOOncnocor^r^or-o
ocnvorncocNinc^coOrHCNinr-rHOrnoo
oa>cnrncocor^oininTrrir\jrHrHoooo
ooooooooooooo o o o o o
oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
oinomoinoinoinoinomomoino
HH(N(Nnr)^^ininvovo^>coco(^
107
X
T3
0)
C
*H
E
0)
-P
<U •
cn
(0 Q
0
E-* *H
U C
W (0
> x:
o
0 s
CO T3
3 c
3
T3 Q
0 X
2 <
S
0)
H O
cn
c
E-»
0)
-P
0
w
•H
W
rH
03
C
<
c
0H
(°d0) (X)°3
0 w
c w
0) o
c ^
a) dJ
a«
<y
a ui
03
U 0)
(C c
3 J
cn
c >
< ja
VO
CN
O
3
CP
•H
El.
108
value of Ec about 16 GPa is predicted for an isotropic
LCP sample. The availability of a larger number of data
in the low angle region could significantly improve the
estimates derived from this work.
3.4.6 Effect of Blend Composition
Polycarbonate / VECTRAR A950 blends containing 5,
15, 30, 55 and 78% by weight of liquid crystal were
processed in the Haake Rheomex extruder equipped with a
3.18 mm diameter (L/D = 3) capillary die. The
temperature profile along the extruder was set at
280-290-300-300 °C. Shear rates at the die wall of
about 65 to 90 s" 1 were calculated from extrusion flow
rates; measurements of the average diameter of the
filaments gave draw ratios ranging from 3.9 to 5.9 for
these extrudates.
Morphological characteristics and mechanical
properties of these blends are listed in table 11.
Elastic moduli and strengths have been graphically
represented versus the total volumetric concentration of
LCP and versus the concentration of LCP fibrils in the
filaments in figures 27 and 28. The graphs for the
modulus and the strength have been drawn on proportional
ordinate scales. The fibril concentration has been
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Figure 27: Effect of Global LCP and LCP Fibril Volume
Fraction on the Tensile Modulus of PC/LCP
Extrudates
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112
calculated from the fraction of fibrillated LCP
determined by fractionation (table 11) .
The behavior of the blend elastic modulus is
approximately linear with LCP concentration. The
strength of the blends also improves significantly upon
addition of the liquid crystal, but the dependence on
fibril concentration deviates from linearity as the LCP
content increases.
Fibril properties for each of the blends have been
calculated from equations (23a) and (23b) for
*
unidirectional composites as described in the previous
paragraph. This corresponds graphically to linear
extrapolations from the polycarbonate properties through
the data points for each of the blends represented in
figures 27 and 28. The line connecting the properties
of extrudates of pure polycarbonate and pure liquid
crystal in the same figures represents the ideal behavior
expected for fibril properties equivalent to those of the
LCP extrudate.
The values of fibril modulus obtained for the
different blends do not show large variations, ranging
from 20.3 to 25.5 GPa. This result was to be expected
due to the almost linearity of the data; the
experimental modulus data lie below but reasonably close
to the rule of mixture behavior. The calculated fibril
strengths decrease continuously with concentration,
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especially so above 50%. The deviation from ^ ^ of
mixtures increases considerably at high LCP content. At
78% LCP the calculated fibril strength is only about
300 MPa compared to the 480 MPa measured for the neat LCP
and almost half of the value calculated at 5% LCP.
From the morphological parameters in table 11 it can
be observed that the average dimension of the fibrillar
and spherical LCP phases does not change significantly
and varies in a rather scattered manner with
concentration. Typically the number average diameter of
the fibrils is approximately 0.3 microns and that of the
particles is larger, ranging from 0.4 to 0.6 microns.
The extent of fibrillation seems to increase with LCP
percent at low concentrations and becomes particularly
high at 78% LCP, where almost total fibrillation occurs.
From the morphological and mechanical studies it may
be deduced that some decrease in properties at large LCP
concentration is related to the formation of branching
and interconnected fibrils. The formation of a
fibrillar network can occur at high LCP concentrations
due to the large probability of coalescence with
formation of larger droplets, which can be easily
deformed into fibrillar structures and coalesce again
[157]. The presence of interconnecting segments of
fibrils can explain the decrease of blend strength
observed at high LCP concentrations; in fact, the
Points at which the fibrils are connected can act as
defective points where preferential breakage occurs
inducing premature failure of the blend filaments.
The degree of alignment of the LCP molecules in the
30% and 78% blends and in the neat LCP extrudate seems
very similar if one considers the values of the half
width at half intensity (HWHH in table 7). However the
intensity profiles are somewhat different (figure 24).
From the values of the Herman orientation factor, the LCP
alignment in the 78% blend (drawn 6 times) is somewhat
higher than that of the 30% blend (drawn 4 times) and
somewhat lower than the neat LCP extrudate.
The LCP alignment in the 78% blend does not
decrease, as one could expect from the increase in
branching. This result could be justified by SEM
micrographs of the LCP phase in this blend showing that
also the branching segments of the fibrils were oriented
along the flow direction. it is further reasonable to
assume that the LCP chain alignment generated in the
blends at high LCP concentrations improves compared that
observed at lower concentrations, since a better
orientation was obtained from extruding the neat liquid
crystal. The 78/22 PC/LCP blend is particularly rich in
liquid crystal in the skin region, where the highest
alignment can be induced during flow.
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The dynamic mechanical properties of the 3 0 and 55%
LCP blends and the neat LCP extrudate have been tested on
the Dynastat in order to investigate the temperature
dependence. The behavior of the storage tensile modulus
(E-) is illustrated in figure 29; the loss modulus and
loss tangent data showed relatively large scatter due to
the low values of the loss tangent (of the order of 10-1)
and are not reported.
A certain degree of modulus decrease was observed
even for the neat LCP below the glass transition at
around 100 °C. A similar effect has been reported in
previous studies and has motivated the search for liquid
crystalline materials exhibiting better modulus retention
at high temperature than copolyesters [87]. A loss
process occurring in the vicinity of 50-75 °C has been
found for HBA/HNA copolyesters of various compositions
and it has been attributed to the onset of mobility of
the naphthalene rings [65, 66, 80]. Such a process was
not detected in this study probably due to the relatively
low HNA content in the LCP analyzed and to the scattered
loss tangent data which would have been more sensitive to
the relaxation process. The presence of transitions
below the main process at around 100 °C can account for
the behavior of E' below Tg.
A comparison between the curves for the two blends
and that of the LCP shows a similar effect of temperature
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upon E. up to the glass transition of the liquid crystal.
The influence of the presence of the polycarbonate matrix
in the blends becomes noticeable as the polycarbonate
glass transition (about 147 °C) is approached. The
blend containing 30% LCP shows a sharp decrease in
modulus in that temperature range. The 55% LCP blend
shows a relatively better modulus retention through the
polycarbonate T
g , but the influence of Tg is still very
pronounced. This behavior may prevent the use of these
PC/LCP blends at temperatures much above 100 °c even in
the case where a large extent of fibrillation of the LCP
component can be achieved by processing.
The torsional properties of neat LCP, neat
polycarbonate and two 70/30 PC/LCP blend extrudates are
compared in figure 30. The morphology of the LCP phase
is mostly fibrillar in one of the blends (blend extruded
at TDie = 300 °C) and mostly spherical in the other
(blend processed at TDie = 340 °C) . The experimental
data show that the torsional properties of the blend are
significantly better than those of neat polycarbonate if
the LCP morphology is fibrillar. A spherical LCP
morphology has a detrimental effect and the blend
properties fall below those of the neat matrix.
The torsional and compressive properties of the same
materials are compared to the behavior in tension in
table 12. The characteristics of as-spun (AS) and
118
strain (%)
Figure 30 : Storage Torsional Modulus and Surface Shear
Stress versus Percent Strain of Neat LCP, Neat PC
and 70/3 0 PC/LCP Extrudates with Fibrillar and
Spherical Morphologies.
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heat-treated (HT) VECTRAR fik^ v.1 J v£.l.ika fibers have been included in
the table to represent the ultimate behavior of a
material of similar nature to VECTRAR A950. The
properties of Kevlar* fibers are listed as a comparison
with a commercially well developed material. if the
tensile properties of all of the materials in table 11
are remarkable, it is also true that the performance in
compression and shear is not as good, especially for the
highly oriented VECTRAR and KevlarR fibers. It is
apparent that the HBA/HNA thermotropic copolyesters
suffer from the same limitations as the lyotropic
counterparts for applications where good shear and
compressive properties are required.
CHAPTER 4
HIGH TEMPERATURE STUDIES
4,1
A950
Ct
°
f Annealin9 uP°n the Structure of VECTRAR
Wide angle X-ray diffraction (WAXD) and differential
scanning calorimetry (DSC) have been used to investigate
the structural order of VECTRAR A950 and its dependence
upon thermal history. Filaments extruded at
TDie = 300 °c in Haake Rheomex through the 3.18 mm
die (L/D = 3) and drawn to a draw ratio of 4.9 have
been examined in this investigation. I
The WAXD annealing studies have been designed to
observe changes in structural order occurring at high
temperature and the effect on the structure after cooling
from the annealing temperature. The effect of annealing
upon the thermal behavior of the samples has been
analyzed by DSC and compared to that of the as-extruded
material. Following a description of the experimental
techniques, section 4.1.2 provides a background
information and a literature review of studies related to
X-ray diffraction from HBA/HNA copolyesters. The
experimental data are then described in section 4.1.3 and
discussed in 4.1.4.
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4.1.1 Experimental Techniques
4.1.1.1 Wide Angle X-Ray Diffraction
mm
X-ray diffraction patterns were recorded on
photographic films at different sample-to-detector
distances on a Statton camera equipped with a 0.2
pinhole. A hot stage was employed to keep the sample at
high temperature while obtaining the patterns;
temperature was controlled with an Omega RTD unit
(400-JC) and calibrated using an Omega digital
thermometer. The LCP filament to be analyzed was fitted
and sealed in a glass capillary tube of 1.5 mm inner
diameter. The capillary was held vertically in the hot
stage and the X-ray beam was directed horizontally (i.e.
perpendicular to the extrudate axis) . Optical density
traces along the equator of the WAXD film patterns were
used to determine scattering intensity profiles; the
traces were obtained on a UV spectrophotometer recording
60 data points per millimeter of film.
The photographic technique gave a rapid indication
of the major features of the entire diffraction pattern
of the samples. The technique was also used to
determine the features of interest and to define the
experimental conditions for recording digital data on a
WAXD system equipped with a point detector.
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Equatorial, meridional and azimuthal intensity scans
were collected from a Siemens D-500 dif fractometer
equipped with a four-circle Huber attachment. Two
0.3 deqrees slits placed between the source (CuKQ with a
nickel filter) and the sample, and 0.3 and 0.15 degrees
receiving slits were employed for slit collimation.
Data were transferred to and analyzed on a PDP 11/34
computer.
Extrudates of pure polycarbonate, pure VECTRAR A950
and some blends were initially examined. in order to
avoid the PC amorphous halo (around 29 - 17.5 degrees)
obscuring some of the LCP reflections, the structural
analysis of the LCP phase within the blends was also
performed upon LCP residues carefully prepared by
dissolution and separation of the polycarbonate matrix.
Several temperatures were selected for annealing
studies of the neat VECTRAR A950 extrudates, chosen
within (230, 250 and 270 °C) and above (290, 305 and
320 °C) the initial transition to the mesomorphic melt
state as determined by DSC. The effect of preheating to
320 and 305 °C before annealing at 290 °C was also
investigated. The time evolution of structural order
during annealing was followed by recording diffraction
patterns on flat films over 45 minute exposure period.
Total annealing times were varied between 13 (at 230 °C)
and 1.5 (at 320 °C) hours. For each sample, pre-
annealing and post-annealing patterns were obtained at
room temperature to serve as references. These patterns
were also used to examine the global effects of annealing
and subsequent cooling upon the LCP structural
characteristics. Cooling to room temperature after
annealing required about 5 minutes.
4.1.1.2 Differential Scanning Calorimetry
A Perkin Elmer DSC-2 Data Station was employed to
investigate the thermal behavior of VECTRAR A950. Both
as-extruded filaments and those used in the X-ray
annealing studies were analyzed. Since the transition
enthalpies of HBA/HNA copolyesters is low [84], a high
sensitivity scale was used to optimize baseline linearity
and relatively large samples (at least 10 mg) were used
in order to enhance the accuracy of the measurements.
Heating and cooling scans were obtained at
20 °C/min. First heating scans were obtained to
characterize the behavior of the original material, as
determined by the structure formed during processing or
after the annealing treatments. Reheating thermograms
were recorded also after quenching in the DSC (at an
average rate of about 7 0 °C/min from 320 to 50 °C) in
order to assess cooling rate effects.
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4.1.2 Background
The crystal structure of the poly (4
-hydroxy
benzoate) homopolymer (p-HBA) has been studied by several
authors [94-97]. The most extensive investigation has
been reported by Lieser and coworkers, who analyzed the
morphology [96] and crystal structure [97] of single
crystals of this homopolymer. it was shown by electron
diffraction [97] that two crystalline modifications of p-
HBA with orthorombic unit cells (phase I and II) coexist
at room temperature; both structures transform upon
heating into a lower density high-temperature phase
(phase III) of apparent sixfold symmetry.
Hydroxybenzoic acid has been copolymerized with
other monomers to attain processability at reasonably low
temperatures. The mechanism by which copolymerization
of HBA with 2 , 6-hydroxynaphthoic acid (HNA) reduces the
mesomorphic transition temperature below that of the
homopolymers is through the introduction of kinks in the
chain backbone. The presence of the kinks, the non-
regular monomer sequence distribution and the rigidity of
the molecular backbone of these copolymers hinders the
chains from arranging on a regular three-dimensional (i.e
crystalline) lattice, leading to the introduction of
defects in the crystals and a reduced crystallite size.
Under normal cooling conditions from the mesophase these
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liquid crystals can only organize in what Griffin and Cox
describe as "frustrated chain packing " [io].
The question of understanding the solid state
structure of random rigid-chain copolyesters and its
development upon cooling from the mesophase has been
addressed in a number of investigations [92, 93].
Despite the randomness of the sequence distribution these
materials do show a number of meridional and equatorial
WAXD reflections in the solid state. However, the WAXD
patterns show no evidence of crystallinity [32], the
diffraction features characteristic of a true three-
dimensional order being absent. Blundell [70] has
attributed this observation to the fact that both chain
rigidity and non-regularity prevent the crystals from
reaching a sufficient dimension to give rise to X-ray
lines.
The meridional (intrachain) X-ray scattering from
oriented samples of HBA/HNA liquid crystalline
copolyesters has been investigated in depth by Blackwell
and collaborators [73-78]. The positions of
experimentally determined meridional reflections agreed
very well with the predictions of a model consisting of
copolymer chains with completely random sequence
distributions. The meridional d-spacings are aperiodic
(not orders of a single repeat distance) and the
reflection maxima vary with copolymer composition
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(table 13). As already reviewed in chapter ^ these
results demonstrate the absence of significant blockiness
in HBA/HNA copolymers.
The essentially random character of these HBA/HNA
copolyesters has been also confirmed by more recent
studies undertaken by Mitchell and Windle [80] and Hanna
and Windle [93]. These studies address the
relationships between sequence distribution and chain
conformation and the meridional diffraction in more
detail, and discuss the extent of structural order which
can be attained on cooling random LCP's from the
mesomorphic state. Similar X-ray studies gave evidence
of the absence of extensive blockiness in other liquid
crystalline copolyesters as well: copolymers of HBA,
2, 6-hydroxynaphthalene and terephthalic acid [43] and
copolyesters of HBA, terephthalic acid and biphenol [75].
A comparison of the X-ray meridional data
experimentally obtained in this work has suggested that
the composition of VECTRAR A950 is based on HBA and HNA
units in a molar ratio of approximately 70/30 (see table
13). The copolymer sequence distribution being random
is of great importance, since the goal of copolymerizing
HBA with HNA is to disrupt the crystalline order of HBA
to decrease its transition temperature. Blocks could
phase separate into regions having properties similar to
the homopolymers
. Also, an alternating copolymer
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possesses a highly regular structure and could
crystallize leading to poor processability
. x-ray
diffraction has been used in this dissertation to study
the residual order that exists in the 70/30 HBA/HNA
copolymers and how it can be modified by thermal
treatments.
4.1.3 Experimental Observations
4.1.3.1 Wide Angle X-Ray Diffraction
X-ray diffraction patterns of as extruded VECTRAR
A950 taken with the X-ray beam perpendicular and parallel
to the filament axis are illustrated in figures 31a and
31b respectively. The uniformity of the intensity I
distribution observed in the pattern along the extrudate
axis is an indication that the ordered LCP phase in the
extruded filament has fiber symmetry.
A typical diffraction pattern of the LCP extrudates
taken at the same sample-to-detector distance as used for
the high temperature studies is shown in figure 32.
Equatorial and meridional dif fractometer scans are shown
in figure 33. The arching of the reflections in figure
32 is indicative of a preferential alignment of the
liquid crystal along the extrudate axis. As a
consequence the diffraction corresponding to inter-
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(a) (b)
Figure 31: WAXD Pattern of As-Extruded VECTRAR A950 with
the X-Ray Beam a) Perpendicular (Sample-to-
Detector Distance=18
. 1 mm) and b) Parallel
(Sample-to-Detector Distance=53
. 1 mm) to the
Filament Axis.
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Figure 32: Typical WAXD Room-Temperature Preanneali
Pattern for As-Extruded VECTRA A950
(Sample-to-Detector Distance=18
. 1 mm).
Figure 33. Meridional and Equatorial Dif fractometer S
for As-Extruded VECTRA A950.
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molecular correlations are most intense on the equator
(X = 0°)
,
and the reflections arising from intra-
molecular correlations intensify around the meridian
(X = 90°)
.
The diffraction pattern of the LCP extrudate in
figure 3 lb is characterized by three meridional
reflections and two equatorial reflections. The
meridional peaks arising from intrachain scattering are
the most affected by the sequence distribution. The
meridional peaks at 25 = 13.0, 29.4 and 43.6 degrees are
not orders of the same reflection (i.e. are aperiodic).
The first peak can be attributed to the contribution of
the first order maxima from both HBA sequences and HNA
sequences; the second one corresponds to partial
overlapping of the second order from HBA and the third
order from HNA sequences [80]. The third peak is the
most intense since it arises from a superposition of the
fourth order maximum from HNA and the third order from
HBA sequences [80]. In fact the lengths of HNA and HBA
units are 8.3 and 6.3 A respectively, giving a HNA/HBA
monomer length ratio of approximately 4/3.
The equatorial reflections are relatively broad;
the maxima occur at 29 = 19.7 and 27.4 degrees, with the
most intense being the reflection at 19.7° (figures 3 0b,
31 and 32). The 19.7° reflection corresponds to a
distance of approximately 4.6 A, which is the average
interchain lateral distance for the chains in the
crystalline and liquid crystalline phases. This is the
same d-spacing observed by Lieser for the 110 reflection
of the HBA homopolymer when it crystallizes on an
orthorombic lattice and the main interchain reflection
for the high temperature form [97].
The peak at 27.4° corresponds to a d-spacing of
about 3.3 A. m the equatorial diffractometer scan
illustrated in figure 33 the 27.4° reflection appears as
a high angle shoulder of the main peak. Although not
clearly apparent from the scattering pattern, the
reflection is divided into two components above and below
the equator. The position of this off-equatorial peak
corresponds to a d-spacing (about 3 . 3 A) similar to that
assigned by Lieser to the 211 reflection of an
orthorombic form of p-HBA. The scattering which appears
along the equator of the diffraction patterns at low
angles is due to white light scattering.
The results of the annealing studies are shown in
figures 34 to 44. The time evolution of the diffraction
patterns has been illustrated reporting for each of the
annealing temperatures (TA ) the first and last high
temperature exposures; the post-annealing room
temperature pattern illustrates the effect of cooling.
For the pre-annealing pattern of the as-extruded LCP
filament the reader can refer to figure 32.
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TA = 230
1st Exposure
(45 minutes)
Last Exposure
(13 hours)
Post-Anneal ing
Figure 34: Time Evolution of WAXD Patterns of VECTRAR A950
at 23 0 °C and Room-Temperature Post-Annealing.
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Exposure
hours)
Post-Anneal ing
Figure 35: Time Evolution of WAXD Patterns of VECTRA A950
at 250 °C and Room-Temperature Post-Annealing.
1st Exposure
(45 minutes)
Last Exposure
(4.5 hours)
Post-Annealing
Figure 36: Time Evolution of WAXD Patterns of VECTRA^ A950
at 270 °C and Room-Temperature Post-Annealing-
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Last Exposure
(10 hours)
Post-Anneal ing
Figure 38: Last High-Temperature Exposure (10 Hours) and
Post-Annealing Patterns for VECTRAR A950
Annealed at 290 °C.
Figure 39: Effect of Re-Heating to and Re-Annealing at
270 °C on the WAXD Pattern of VECTRA A950
after Annealing at 270 °C.
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TA = 290 °C
Post-Annealing
Figure 40: Time Evolution of WAXD Patterns of VECTRA A950
at 290 °C and Room-Temperature Post-Annealing.
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TA = 305 °C
Post-Anneal ing
Figure 41: Time Evolution of WAXD Patterns of VECTRA A9 50
at 3 05 °C and Room-Temperature Post-Annealing.
1st Exposure
(45 minutes) Last Exposure(1.5 hours)
Figure 42: Time Evolution of WAXD Patterns of VECTRAR A950
at 320 °C and Room-Temperature Post-Annealing.
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TA = 305 - 290 °C
Post-Anneal ing
Figure 43: Effect of Preheating at 305 °C on the Time
Evolution of WAXD Patterns of VECTRA A950 at
290 °C and Room-Temperature Post-Annealing.
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TA = 320 - 290 °C
Post-Anneal ing
Figure 44: Effect of Preheating at 320 °C on the Time
Evolution of WAXD Patterns of VECTRA A950 at
290 °C and Room-Temperature Post-Annealing.
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The effect of annealing at TA = 230 and 250 °c upon
the structural order of the LCP phase in the extrudates
is very similar (compare figures 34 and 35) . On first
heating the sample to TA , a narrowing of the main
equatorial peak is observed to occur; a change with
respect to the pattern of the unannealed sample is
already noticeable in the first high temperature
exposure, recorded during the first 45 minutes of
annealing.
As annealing proceeds, the reflections become
sharper and the separation of the 27.4° peak into two
components above and below the equator becomes more
distinct. The relative sharpening of the peak suggests
that an enhancement of lateral molecular order and/or an
increase in the average size of the diffracting entities
occurs as the temperature is raised and during annealing
When comparing the changes in the scattering pattern
induced at 230 and 250 °C it has been observed that this
effect is more pronounced at the higher temperature.
Upon cooling from the annealing temperature, the
diffraction peaks rebroaden; for TA = 230 °C the post-
annealing pattern becomes again very similar to that of
the as- extruded filament, while for TA = 2 50 °C it
remains slightly sharper. The degree of orientation
does not seem to be affected by annealing at these
temperatures
.
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During annealing at 270 °c (figures 36 and 37)
similar changes occur in the diffraction pattern of the
liquid crystal as those described for TA = 23 0 and
250 °c. However a new equatorial reflection becomes
visible when the sample is cooled to room temperature.
The maximum of this peak occurs at 29 = 23.6° which
corresponds to a d-spacing of about 3.8 A. The peak is
clearly visible in the post-annealing pattern recorded
after 4.5 hours at 270 °C (figure 36) and in the
equatorial dif fractogram after annealing (figure 37).
In both the last high temperature pattern and the post-
annealing pattern the diffraction intensities of all the
reflections become stronger when the sample is annealed
for 10 hours (figure 38)
.
The new reflection does not appear in the high
temperature patterns, not even after 10 hours and must
therefore be related to changes in structural order which
occur during cooling. The appearance and disappearance
of the 23.6° peak is reversible upon cooling and
reheating from and to 270 °C (see figure 39) . This
observation demonstrates that the observed structural
changes cannot be attributed to thermally induced
chemical changes of the material and that the structures
responsible for the new WAXD reflection possess a
disordering transition below 270 °C (not being thermally
stable at this temperature)
.
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More significant changes in the high temperature
patterns occur during annealing at 290 °c (figure 40).
The scattered intensity in the first exposure is
noticeably more diffuse and the 19.7° reflection appears
as a relatively intense and sharp peak superimposed on a
diffuse background. The off-eguatorial reflection at
29 = 27.4° is barely visible. it was observed that the
same new equatorial reflection obtained upon cooling from
270 °C now develops at high temperature. Unlike the one
formed on cooling from 270 °C which is quite broad, the
peak which can be seen in the diffraction pattern
recorded after 3 hours at 290 °C is narrow (compare
figures 36 and 40). Upon cooling the diffuse scattering
present at high temperature disappears; the reflections
become somewhat broader but remain clearly defined in the
pattern.
Annealing at 305 and at 320 °c causes the scattered
intensity to become increasingly diffuse, and a
noticeable loss of orientation occurs (figures 41 and
42). At 305 °C the new reflection at 23.6 degrees is
visible at high temperature, but now during the second
exposure. In the post-annealing pattern the reflections
are very sharp despite the orientational loss; the
diffuse scattering present at elevated temperature
disappears. At 320°C the LCP alignment is almost
completely lost after 1.5 hours and only a very diffuse
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in
halo around the original 19.7° reflection is present
the pattern. Upon cooling a strong broad diffraction
ring at about 19.7° and a much weaker ring at 27.4° form.
At each of the annealing temperatures there is a
different amount of the original "crystalline" phase
present. To separate the effect of crystal annealing
from recrystallization, the liquid crystal extrudate was
briefly (for 10 minutes) preheated to 305 and 320 °C
before annealing at 290 °c (figures 43 and 44).
In the first high temperature patterns the
scattering is more diffuse than observed upon direct
heating to 290 °C and some loss of alignment is
noticeable. For the 305-to-290 °C sample, the new peak
at 2 3.6° develops in the first minutes (see first
exposure pattern)
. As annealing proceeds the
reflections intensify and become sharper quicker than
they did at TA = 305 °C. Upon cooling the reflections
are quite intense and broadened compared to the last high
temperature exposure.
For the 320-to-290 °C annealing the first
diffraction pattern appears almost as diffuse as observed
at 320 C. However the subsequent structural changes
differ from the higher temperature annealing in that a
relatively narrow diffraction ring persists around 19.7°,
superimposed over some diffuse scattering. Due to the
orientational loss the scattering intensities are much
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weaker than at 290 °C: the 23.6° reflection is barely
noticeable. Upon cooling the 19.7° peak becomes
relatively broad and both the 19.7° and 23.6° reflections
become more intense.
4.1.3.2 Differential Scanning Calorimetry
First heating thermograms of the as-extruded VECTRAR
A950 filaments show a very broad endotherm corresponding
to the transition from the solid to the nematic melt
state (figure 45). The transition occurs from 200 to
3 00 °C and ends in a maximum superimposed on the broad
endotherm profile at about 280 °C. The total transition
enthalpy ( VH) is very low, about 1 cal/g (4 J/g)
.
Upon cooling at 20 °C/min the process of
solidification takes place, indicated by an exotherm with
a peak at approximately 235 °C (figure 45). The process
goes to completion within a 50 °C span. The main
difference between first and second heating scans (after
cooling at 20 °C/minute) is an increased definition of
the final peak of the endotherm in the latter (figure
46) . No significant change in the profile of the
thermogram was observed upon heating the sample guenched
in the calorimeter.
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Figure 45: DSC Thermograms of the First Heating and Cooling
Scans for As-Extruded VECTRAR A950."
152
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Figure 46: DSC Thermograms of the First and Second Heating
Scans for As-Extruded VECTRAR A950.
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The thermal behavior of the same LCP filaments
annealed in the Statton hot stage at 270 (for 4.5 and 10
hours respectively) and at 290 °c (for 3 hours) for the
X-ray studies was also analyzed. The first heating
thermograms were compared to those obtained for the as-
extruded filaments in order to observe changes induced by
annealing. a first heating DSC scan was also obtained
for a commercial sample of heat-treated (HT) VECTRAR
fibers kindly provided by Celanese, to serve as a
comparison with the behavior of as-extruded and annealed
VECTRAR A950.
The thermograms are illustrated in figures 47 to 50
and transition peak temperatures and enthalpies are
listed in table 14. The shape of the thermograms is
very similar for the three VECTRAR A950 samples. The
transition endotherm consists of two peaks: the low
temperature peak at T
±
is very broad and poorly defined
and involves a very small enthalpic change (AH, = 0.2 to
0.4 cal/g); the high temperature peak at T 2 is much
larger (AH2 > 1 cal/g) and relatively sharper.
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Table 14
DSC Results for the WAXD Annealing Studies
TA fcA T l T2 vHx vH 2
(°C) (hrs) (°C) (°C) (cal/g) (cal/g)
VECTRAR A950
As-Extruded 280 1.0
Annealed 270 4.5 213 294 0.3 1.6
10 210 311 0.2 1.5
290 3 227 309 0.4 1.2
HT-VECTRAR Yarn 314 1.5
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4.1.4 Discussion of the Results
4.1.4.1 Room Temperature Structural Characteristics
A general agreement regarding a proper and unified
terminology to correctly describe the local molecular
organization of these thermotropic copolyesters in the
solid state has not yet been reached. Windle and
coworkers [33] proposed that "the growth of ordered
entities does not necessarily require regular sequences"
in the molecular chain and described these ordered
structures as non-periodic layers (NPL) crystallites
composed of matched sequences of the comonomers. cao
and Wunderlich described the solid state structure as
"intermediate between the liquid-crystalline state and
condis crystalline state with a small amount of
crystallinity" [72]. They refer to the high temperature
transitions observed for LCP's as "disordering
transitions". Frayer proposed that during
solidification "where heat transfer is limited, a range
of cooling rates will yield many intermediate degrees of
order" between the one-dimensional of the mesomorphic
melt and the three-dimensional characteristic of
crystalline state [92].
For simplicity in the discussion, the ordered
structures giving rise to WAXD reflections in this work
will be often referred to as "crystals", without this
160
implying that the structures possess a true three-
dimensional order. m many occasions, the solid-to-
mesophase transition will be called disordering
transition, in agreement with the Cao and Wunderlich
description.
It was observed by differential scanning
calorimetry that the disordering transition of as-
extruded VECTRAR A950 is very broad, ranging from 200 to
300 °C, and the total transition enthalpy is very low,
about 1 cal/g. This indicates that a wide range of
relatively ordered structures differing in thermal
stability formed during extrusion and cooling of the
liquid crystal. Differences in thermal stability may
arise from variations in size and/or degree of order of
these structures; increasing dimension and order both
correspond to higher thermal stability.
This picture is consistent with both the presence of
diffraction peaks in the WAXD pattern obtained for as-
extruded VECTRAR A950 and their broad nature. Regions
of local order can give rise to X-ray diffraction. A
wide distribution of degree of order and crystallite size
broadens the reflections. The significant radial breath
of the peaks recorded for the extrudate suggests that the
main contribution to diffraction arises from a phase with
relatively disordered lateral packing. The presence of
a small amount of crystals (i.e. three-dimensional order)
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cannot be ruled out, but its scattering is overshadowed
by that of the ordered phase so far discussed in this
work.
The presence of a non-equatorial peak has been
interpreted by Chivers and Blackwell [77] as an
indication of the presence of some three dimensional,
i.e. crystalline, order. However it has been pointed
out by Windle and coworkers [33] that the displacement of
the reflection maxima does not place them on a layer
line. The same authors also recalled that "a high-angle
shoulder is a common feature of intermolecular peaks in
main-chain aromatic polymers" and that the reflection
maxima occur at an azimuthal angle of ±75° (from the
meridian)
,
which is "similar to that between the normals
to the planes of the aromatic groups and the axis of a
polyester molecule in extended conformation" [33]. The
origin of this peak is at the present time still
controversial
.
For this random and rigid copolyester, order and
size of the crystals which form upon cooling from the
mesophase are strongly affected by the composition,
sequence distribution of the chains and the cooling rate.
The first two characteristics give rise to "geometrical
constraints" and the last variable determines "kinetic
constraints" [93] for their nucleation and growth. The
room temperature structure observed for the extrudates is
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therefore a direct consequence of the cooling process
employed for their production.
4.1.4.2 Effect of Anneal ing
Increasing the temperature provides the molecular
chains with increasing mobility, which may allow for
structural rearrangements, i.e. increase in order from a
"frustrated liquid crystal" [10, 174] (at room
temperature) toward a low energy ordered liquid crystal.
Specifically, the longitudinal mobility (parallel to
chain axis) can allow for an ordering process where
HBA/HNA ordered sequences will "lock in". Upon cooling,
this process will nucleate. Lateral mobility, on the
other hand, can allow for improvements in intra-chain
packing. It is important to note that longitudinal
mobility has lower activation energy than lateral.
The WAXD annealing studies performed in this work
were designed to observe the high temperature ordered
structure of VECTRAR A950 and the effect of annealing
temperature and time. The experimental X-ray and DSC
results have shown that the liquid crystal extrudate has
a broad transition range and that annealing at
temperatures within or slightly above the disordering
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transition range leads to an increase in size and/or
perfection of the "crystals" present.
It has been observed that heating and annealing
cause a narrowing of the scattering peaks. This effect
becomes more pronounced and occurs faster when the
annealing temperature is increased (compare the WAXD
patterns obtained at 230, 250 and 270 °C) . The effect
can be explained considering that at temperatures and
times corresponding to their relative thermal stability,
a fraction of the originally crystalline regions can be
destroyed as the temperature is raised. Relatively more
disordered and smaller regions disappear at lower
temperatures, which explains the narrowing of the
diffraction peaks which were broad in the virgin sample.
The influence of temperature and time can already be
observed in the diffraction patterns at 230 and 250 °C.
At low annealing temperatures a significant
broadness of the peaks still persists in the high-
temperature and post-annealing diffraction patterns.
This indicates that the material remains in a relatively
disordered state, due to insufficient mobility and time
to reorganize during annealing.
The interesting result, though, is the development
of more ordered structures characterized by a new
equatorial WAXD reflection at 23.6° during annealing at
290 °C and 305 °C and on cooling from temperatures at or
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above 270 °C. This is most noticeable on cooling from
270 °C, since no change was found by WAXD to occur during
annealing. To explain these results a description of
what happens during annealing in a rigid chain copolymer
will be presented.
The main factor which upon annealing can lead to
structural rearrangements is mobility. Mobility in this
HBA/HNA copolymer is enhanced with increasing temperature
by two mechanisms. The first is through higher
diffusivity at elevated temperatures. The second is
related to melting of smaller "crystals", which leaves
more chains free to move longitudinally and laterally and
to rotate. Both of these factors play a role in the
behavior of all polymers, but the effect is more
important and striking in this rigid copolymer due to the
wide range of thermal stabilities of the crystals.
In the solidified copolymer phase there are two
types of crystals, which will be referred to as primary
and secondary crystals. Primary crystals form before
secondary crystals by chains diffusing longitudinally
and/or laterally to find matching monomer sequence
distributions. Once these have "locked-in", secondary
crystals form from shorter sequences along chains
partially trapped in primary crystals. This picture is
similar to the ideas presented by Hanna and Windle [93].
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It is difficult to distinguish the two types of
crystals in the as-extruded VECTRAR A950. As is evident
from the DSC thermogram in figure 45, the crystals
possess a wide range of thermal stabilities due to
crystallite size and/or perfection. The crystals are
rotationally disordered and the average interchain
distance is 4.6 A.
It is proposed that during annealing the as-extruded
liquid crystal rotationally orders to give rise to the
new WAXD reflection at 26 = 23.6°. The reflection
corresponds to a distance of 3.8 A, which indicates a
denser packing of the chains achieved through the
alignment of the phenyl and naphthyl groups of
neighboring chains. Of equal importance, processing at
300 °C (the same temperature at which this polymer was
found to order during annealing) rotationally disorders
the polymer, and this structure is then frozen-in during
rapid cooling to room temperature.
When the polymer is annealed at 3 05 °C most, if not
all, of the original crystals melt, since this
temperature is above the disordering temperature for the
as-extruded LCP. Chain segments, which at low
temperature were immobilized in crystallized segments,
are now released permitting the chains to move.
Translating longitudinally and diffusing laterally to
exchange neighbors, the chains can search for longer
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matched sequences. Rotational freedom around bond
angles permits better packing of the phenyl and naphthyl
groups into a two-dimensionally ordered lattice. Once
a nucleus is formed, the crystals grow.
At 305 °C the new reflection at 23.6° becomes
visible in the second 45 minute exposure. The
reflections are relatively sharp, indicating that large
crystals with a high degree of perfection form at this
temperature. The intensity of the peaks appears to
increase with time. On cooling, the 19.7° reflection
broadens and intensifies, as do the reflections at 23.6°
and 27.4°.
Structural rearrangements take place through a
similar process during annealing at 290 °C and at
305-to-290 °C. However differences in the kinetics of
the process are observed by WAXD. The new peak
signifying rotationally ordered structures develops after
3 hours during annealing at 290 °C, but only after 45
minutes when the sample is preheated to 3 05 °C.
Preheating to 305 °C accelerates crystallization at
290 °C by melting all the crystals present in the as-
extruded material. After cooling to 290 °C, nucleation
occurs faster than at 305 °C, leading to faster
crystallization than observed by direct annealing at
290 °C.
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The development of the rotationally ordered
structure does not occur during annealing at 270 °c.
But on cooling the ordered structure can be observed by
WAXD, the intensity of the reflection at 23.6° increasing
in the post-annealing pattern with increasing annealing
time. This is due to a relatively large fraction of the
original crystals still surviving at this temperature
(see the DSC heating thermogram in figure 45) . The
crystals which melt at this temperature were composed of
relatively short matched sequences. During annealing
the chain segments released by this melting process are
not allowed to search for longer matching runs, because
lateral diffusion is restricted by other parts of the
same chains being included in intact crystals. Some
longitudinal motion can only occur through stretching or
compressing of bonds.
Even though chains are capable of packing better due
to rotation, crystals cannot form because the short
matched sequences have not reached the critical nucleus
size. On cooling the improved order "locks-in", giving
rise to the new peak at 23.6° as found in the post-
annealing pattern. Therefore, many of the crystals
which had melted reform, but now are rotationally
ordered.
No change was found in the position of the
interchain meridional reflections as a result of the
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annealing treatments. This observation demonstrates
that no reaction leading to a modification of the monomer
sequence distribution along the LCP chain detectable by
WAXD has occurred during annealing.
DSC first heating scans performed upon some of the
LCP extrudates used for the annealing treatments in the
Statton camera (figures 47 to 49) reflect the
superimposed effects of annealing and cooling on the
thermal behavior of the material.
The shape of the DSC thermograms obtained for the
LCP annealed at 270 °c for 4 . 5 and 10 hours respectively
and at 290 °C for 3 hours is very similar. The broad
endotherm representative of the disordering transition of
the as-extruded material (figure 45) has transformed into
two peaks, one below and one above the annealing
temperature. The low-temperature peak is very broad
(about 50 to 60 °C) and occurs from about 18 0 to 240 °C;
the high-temperature peak appears above 290 °C and is
much larger and sharper. The corresponding enthalpies
have been calculated to be about a few tenths of a
calorie per gram and above one calorie per gram
respectively.
The first peak must be related to ordered structures
formed upon cooling from the annealing temperatures,
since these would be unstable at TA . The larger peak is
due to the mesomorphic transition of structures developed
1during annealing. The relative values of the transition
enthalpies of the two DSC peaks (table 14) show that the
formation of the last structures is significantly
preferred.
Longer annealing times seem to have a similar effect
as higher annealing temperatures upon the position of the
main transition peak, which is the same for the sample
annealed for 10 hours at 270 °c and for the one annealed
for 3 hours at 290 °C. The transition enthalpies of the
main peak are higher than that of the as-extruded
material. Due to the shape of the thermograms (figures
47 to 49) the enthalpic measurements are not sufficiently
precise to establish a comparison between the different
annealing treatments
4.2 Rheological Studies
4.2.1 Experimental
The time dependence of the rheological behavior of
neat polycarbonate and neat VECTRAR A950 was investigated
at several temperatures by oscillatory shear between
parallel plates (25 mm in diameter) using a Rheometrics
Dynamic Spectrometer.
Disk shaped samples of the same diameter as the
plates and approximately 1 mm thick were compression
molded in a vacuum press. Prior to molding the
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materials were dried under vacuum at 120 °c for 24 hours.
The polycarbonate was molded at 260 °c directly from the
pellets received from the manufacturer. The LCP pellets
were finely ground and the powder was used to mold the
disks. Molding of the liquid crystal was performed
according to the following procedure [175]:
- heating at 150 °c and hold for 1.5 hours
- heating to 270 °c and hold for 10 minutes
- heating to 320 °c and hold for 10 minutes
- apply pressure for 5 minutes
- cool under pressure
A wide angle X-ray diffraction pattern taken on a
Statton camera of the as-received VECTRAR A950 pellets
had shown that the LCP possessed a certain degree of
molecular alignment along the original extrusion
direction; it would have been difficult therefore to
avoid the persistence of relatively large regions of
preferred orientation in the samples by molding the LCP
from the pellets. Starting from powdered material
allowed to obtain samples initially isotropic with some
degree of reproducibility, as was confirmed by the
uniform azimuthal X-ray intensity distribution in the
diffraction patterns. Molding after gradual heating
steps and at a final temperature 40 °C higher than the
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DSC transition peak of the original pellets also
contributed to sample uniformity.
Shearing in the rheometer was induced by rotation of
the upper plate. Due to the parallel plates geometry
the strain field in the samples was non homogeneous,
varying linearly with the distance (r) from the axis:
r(r) = (r/R) r (R) (30)
where r(r) and r (R) are the strains at the positions r
and R and R is the outer radius of the disk sample. The
samples were sheared with a sinusoidally varying strain
of amplitude 3 % and angular frequency l radian per
second.
Rate sweeps from 10~ 2 to 10 2 rad/s at constant
temperature
( 230, 275, 270 and 290 °c ) were performed
on the neat polycarbonate. Time sweeps at 270, 275, 280
and 290 °C at a constant frequency of 1 rad/s were used
to characterize the rheological behavior of VECTRAR A950
[175]. For the liquid crystal testing at 290 °c was
performed following two different temperature histories
[175]: 1) heating directly to the measurement
temperature; 2) preheating to 320°C for one minute and
cooling rapidly (in approximately 2 minutes) to 290 °C.
Preheating was employed before testing at all the other
temperatures. Measurements were taken every minute for
approximately 100 minutes.
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4.2.2 Results and Discussion
Typical experimental data for the neat polycarbonate
are represented in figure 51 which shows the behavior of
the storage and loss moduli, G- and G", and of the
complex viscosity, rj*. The complex viscosity of the
material remained approximately constant with angular
frequency up to about 10 rad/s. The value of n*
decreased gradually with temperature: 4.5 x lo 4 Pa s at
230 °C, 1.4 x 10 4 Pa s at 250 °C, 6.5 x 10 3 Pa s at
270 °C and 3.2 x 10 3 Pa s at 290 °C. These changes
correspond to an activation energy of approximately
23 Kcal/gmole.
Rheological data obtained for VECTRAR A950 are
illustrated in figures 52 to 54. The experiments showed
that the rheological behavior of the LCP is highly
dependent upon thermal history. Both the loss (G") and
storage (G') moduli measured directly at 290 °C change
considerably with time (figure 52). Within 100 minutes
the storage modulus increased by almost three orders of
magnitude and the loss modulus becomes a hundred times
higher
Similarly to the observation reported by Lin and
Winter for VECTRAR A900 [137, 139], the different
relative changes in G' and G" indicate that a
modification of the viscoelastic nature of the material
takes place at that temperature, the elastic
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characteristics becoming more and more dominant with
time. using a brief preheating step before testing at
290 °c reduced the initial values of G* and G» and had a
pronounced effect upon the time stability of the
rheological properties (see figure 52).
The LCP was tested also at 270, 275 and 280 °c after
a similar preheating step prior to testing as used at
290 °c. The data obtained at 280 °c are shown in figure
53. The behavior of the storage modulus at the various
testing temperatures is illustrated in figure 54.
Temperature did not seem to affect the initial
values of the shear moduli significantly. The values of
G' and G» were relatively close to those measured at
290 °C. However, differences can be partially obscured
by the thermal inertia of the samples to temperature
changes, which implies that during the first few minutes
the LCP temperature is still higher than the reported
value. *
An increase in the shear moduli was observed at all
of the testing temperature investigated and the effect
became more pronounced as the temperature was decreased.
At 280 °C the two curves crossed after about 50 minutes.
The difference in growth rate of G 1 and G" increased as
lower temperatures were used for the measurements, which
caused the crossing point to shift toward shorter times.
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DSC first heating scans were obtained for the
samples tested at 275 and 280 °c and compared to the
behavior of the material prior to testing. The thermal
behavior of the LCP disks before testing was very similar
to that of LCP extrudate examined earlier. The
disordering transition was very broad, the peak
temperature was approximately 280 °C and the enthalpic
change about l cal/g. The thermograms of the tested
samples presented two peaks, the higher temperature
transition being much sharper (figures 55 and 56). Peak
temperatures and transition enthalpies are listed in
table 15.
Table 15
DSC Results for the Rheologically Tested Samples
Testing T Tl ah 1 T2 AH2 AHtotal
C°c) (°C) (cal/g) (°C) (cal/g) (cal/g)
280 1.0 1.0
275 246 0.57 301 0.37 0.94
280 249 0.63 305 0.31 0.94
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The data in table 15 show that the peak temperatures
of the higher disordering transition, T2 , after
Theological testing (and cool down) are much higher than
that of the original material and increase with the
measurement temperature. The lower temperature peak is
less influenced by this variable. The total transition
enthalpy does not seem to be affected by subjecting the
as-molded material to rheological testing at high
temperature, nor to be influenced by the temperature of
testing. Temperature, however, changes the relative
enthalpic contribution and AH
2 ) to the total AH,
decreasing AH2 in favor of AH 1#
Wide angle X-ray diffraction patterns of the tested
and cooled samples showed a uniform intensity
distribution along the azimuthal direction, indicating
that the LCP molecules are not preferentially oriented
after being subjected to an oscillatory shear field and
after cool down.
The results of these studies suggest that the time
dependence of the rheological behavior observed for
VECTRAR A950 is due to changes in the ordered structure
of the polymer taking place during annealing. These
changes involve a molecular reorganization into locally
ordered regions of higher perfection and/or larger size
than those originally present in the sample, as indicated
by thermal analysis.
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The structural reorganization results in a
significant enhancement of the "solid- character of the
material, as indicated by the increase of the storage
shear modulus by several orders of magnitude during
testing at high temperature.
CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
5.1 Summary of the Results and Conclusions
In-situ composites have been produced by extruding
mixtures of a bisphenol A polycarbonate (Makrolon 3100)
and a rigid thermotropic liquid crystalline copolyester
(VECTRA* A950). The process temperature, shear rate in
the capillary die and drawing at the exit from the
extruder have been varied to study the influence of
thermal and deformational histories upon morphology and
properties of the composites.
Although the blend components were fed to the
extruder as mixtures of dry pellets, efficient mixing was
achieved during processing, as demonstrated by the very
small final dimensions of the LCP phase (average
diameters below one micron)
.
The liquid crystal has been found to fibrillate and
orient relatively easy during flow of the blend, leading
in most of the processing conditions to the production of
a fiber reinforced polycarbonate. This composite
exhibits significantly improved properties compared to
the neat matrix; for a 70/30 PC/LCP (by weight)
composition the best properties attained in this work
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correspond to an alaost four fold increase in tensile
modulus, which reaches 10 GPa, and an alaost three fold
increase in strength (160 MPa)
.
in the fibrous pc/LCP composites, the LCP fibrils
can reach remarkably large aspect ratios, above 500.
Composite theory for unidirectional reinforcement of
continuous fibers allowed estimation of the tensile
modulus of the fibrils, which attained values only about
20% lower than those measured for the neat liquid crystal
extruded in similar conditions.
The extent of fibrillation can be enhanced by both
shear rate in the capillary and draw ratio. Increasing
the apparent shear rate at the capillary wall from 10 to
10 3 s" 1 increased the fraction of fibrillated LCP from 40
to almost 100%. The effect of shear is also reflected
in skin-core morphological differences; the fibril
diameter show an almost ten fold decrease from the core
to the skin of the extrudates and less elongated or
spherical LCP domains form in the center of the
filaments. A change in draw ratio from 2 to 6 increased
fibrillation from 70% to almost 100%.
Elongational deformation at the die exit has been
shown more effective than shear in the capillary in
enhancing the reinforcement efficiency in the extrusion
direction. Drawing leads to thinner fibrils of more
uniform size and enhances the global alignment of the
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liquid crystal phase . Increasing the dra„^ ^ ato 6 reduces the „eight average fibril diameter frQm ^
to less than 0.4 micron; the estimated tensile modulus
of the fibrils increases correspondingly by about 60%
reaching the value measured for neat LCP exudates
(29 GPa,
.
compared to the effect of drawing, increasing
shear in the die also produces a fraction of branched LCP
fibrils, which leads to a relative reduction of
mechanical properties in the extrusion direction compared
to the linear fibril reinforcement.
The dependence of the fibrillar composite modulus
upon LCP fibril concentration is close to linear and at
75% in volume of LCP in the blend the filaments exhibit a
longitudinal modulus seven times higher than the neat
polycarbonate matrix. Increasing the LCP content also
induces the formation of branched and interconnected
fibrils due to the enhancement of the coalescence of LCP
domains. However no noticeable reduction of global LCP
orientation was observed, which agrees with the
observation that the branched segments are also aligned
in the flow direction.
Processing temperature has been shown to play a
fundamental role in determining the morphology. When
the temperature at the die is increased to about 60 °c
above the disordering transition of the liguid crystal
(280 °C)
,
a transition from a fibrillar to a particulate
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morphology of the LCP phase takes place. As a
consequence the reinforcement efficiency decreases
drastically and tensile properties fall to values
comparable to those of the neat matrix. it is believed
that the transition from a fibrillar to a particulate
morphology is due to break-up of fibrous structures,
which become unstable at high temperature due to the low
viscosity of the polycarbonate at the die temperature.
Orientation measurements of the LCP chains in the
extrudates and in commercial heat-treated VECTRAR fibers
were used to estimate the angular dependence of the
tensile elastic modulus of a perfectly aligned structure
(i.e. with an Herman orientation factor FR=l) . a
modulus of 161 GPa was estimated along the alignment
direction, compared to 95 GPa measured for the heat-
treated fibers (FH=0.87); this finding indicates that
the fiber performance could be improved through a more
efficient LCP alignment.
In conclusion, it has been shown that in order to
produce in-situ composites of fibrillar morphology it is
necessary to process the PC/LCP blends at temperature not
much above the original transition peak, in order to
avoid instability of the elongated LCP domains. Both an
increase in shear and drawing can be used to enhance
fibrillation, although elongational deformation is more
effective in improving the composite performance in the
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flow direction. The onset of^ ^^
shear could be however utiii^ atmzed in cases where
performance in other t-han6 ha the extrusion direction is of
importance.
The structure of neat VECTRA* A950 extrudates and
the effect of annealing has been studied by wide angle X-
ray diffraction. The liguid crystal has been shown to
be a random copolymer of p-hydroxybenzoic and 2,6-
hydroxynaphthoic acid in the average molar ratio of about
70/30.
Extruding the polymer at 300 °c induces the
formation of rotationally disordered "crystals". These
structures are distributed in size and/or degree of
perfection, corresponding to a wide range of thermal
stabilities (about 100 °c)
.
Annealing the extrudate at temperatures close to the
original endothermic peak of the disordering transition
is effective in modifying the laterally ordered structure
of the LCP. A modification of the lateral packing
giving rise to the formation of an additional periodicity
at a distance of 3.8 A takes place during annealing at
290 and 305 °C and on cooling from 270 °C and above.
It is proposed that the ordering mechanism is
directly related to the extent of molecular mobility
arising at high temperature. This is dependent upon the
fraction and/or length of the chains which become capable
188
of diffusing both longitudi„ally and laterally and ^
rotate at the annealing temperature, as a consequence o£
-Iting- of the original „crystals „. ^^ ^
for the longest possible matched sequences in order to
crystallize at this temperature. when they
-crystallize they rotationally order, forming denser
crystals characterized by a reflection at 23.6° instead
of the less stable and rotationally disordered structures
frozen-in during processing.
It was found of great importance to observe both the
* changes occurring at high temperature and the additional
effect of cooling. The new reflection appears during
annealing at 290 and 305 °c while it does not appear at
270 °c but it only forms upon cooling from that
temperature. However the behavior of the post-annealed
cooled extrudate as examined by DSC is similar for
samples annealed at all these temperatures. The
increase in peak temperature of the endothermic
transition is therefore not directly related to the
formation of the additional WAXD reflection, but rather
to an increase in size and/or perfection of the
structures ordered around 4.6 A. The fact that the new
periodicity does not form at 270 °c is attributed to the
inability of the chain to find longer matched sequences
due to their limited lateral and longitudinal mobility.
During annealing, though, the chains segments can rotate
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so that short sequences of matched monomers can nucleate
on cooling to form a low temperature version of the new
crystalline phase.
5.2 Suggestions for Future Work
Temperature has been shown in this work to be the
major parameter in influencing the morphology of
PC/VECTRAR A950 mixtures. Since rheological
measurements seemed to exclude a major role of the
dispersed phase-to-matrix shear viscosity ratio, K, it
would be very useful to selectively investigate the
effect of other parameters upon the development of
morphology during processing of LCP blends.
In particular the polycarbonate viscosity, the
elasticity and elasticity ratio of the two phases and the
interfacial tension should be taken under consideration.
It can be recalled that for a linear Maxwell fluid Chin
and Han [148-150] observed that the range of viscosity
ratios at which fibrils are stable shifts toward lower
K's as the Weber number or the medium elasticity
(relaxation time) are decreased. The rate of growth of
hydrodynamic disturbances which lead to fibril break-up
increases as medium elasticity and dispersed phase-to-
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mediuB elasticity ratio increase and as the Weber number
is lowered.
Rheological measurements in dynamic conditions and
studies of the transient fluid response to start-up and
cessation of flow could be utilized to examine elasticity
and time effects. it would be of interest to compare
the behavior in shear to the response to elongational
deformation and to develop light scattering techniques to
analyze the effect of deformation in more detail. For
these rheological studies it is more appropriate to study
the effect of stresses as opposed to rate of deformation,
since it is the boundary condition of continuity of
stresses at the interface which determines the
deformation of the dispersed phase.
Since the rheological behavior of liquid crystalline
polymers is very complex, the consideration of
preliminary empirical investigations performed upon
relatively simple systems is recommended. The
experimental results can serve as a guideline for
identifying the major parameters and for designing
appropriate conditions for further studies. For
instance, the visual observation of the deformation of a
single spherical droplet or the stability of a liquid
thread of the liquid crystal, subjected to flow in a
glass capillary (as used by Chin and Han [149, 150] and
Rumscheidt and Mason [145]) could be utilized to examine
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the effect of initial droplet dimension, shear rate,
length-to-diameter ratio of the capillary (which is
equivalent to a residence time or total strain) and
temperature
.
It is however rather difficult to directly transfer
the information obtained from purely rheological
experiments performed in well defined conditions into a
processing optimization, due to the complexity of the
flow fields in the processing apparatus. in
alternative, or rather in addition to the previously
proposed approach, one could consider "freezing" the
blend morphology forming during extrusion by quenching
the extruding system, similarly to the experiments
performed by Tsebrenko [151-154].
It would be very useful to investigate the effect of
partial compatibility and of the interactions between the
phases on the development of morphology of blends
containing a liquid crystalline component and on the
resultant mechanical behavior. In particular, the
possibility of nucleation and oriented crystallization
upon the LCP phase could lead to improvements in the
mechanical response of the material to compressive and
shear stresses or strains and in the transverse
properties.
An important subject which needs particular
attention for thermotropic liquid crystalline polymers is
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the occurrence of several relaxation processes below the
main disordering transition. These phenomena are of
great importance for these materials, since the level of
"crystallinity" or three-dimensional order usually
observed is very low; this means that the fraction of
the material undergoing relaxation is very large. it
would be of interest in this respect to investigate the
response to deformation of these liquid crystals at
temperatures below the mesomorphic transition peak.
Preliminary experiments performed in this work have
suggested that some molecular alignment can occur as a
result of solid state extrusion.
The effect of relaxation upon the behavior of the
material can be very pronounced even at relatively low
temperatures, as exemplified by the noticeable loss of
tensile modulus of VECTRAR A950 below 100 °C, and may
limit the range of applicability of these polymers.
Other properties which can be particularly affected are
creep and stress relaxation. These properties have not
been yet examined in detail for thermotropic LCP's, and
it would be important to address them in future studies.
Broad-line nuclear magnetic resonance techniques are
probably the best methods for defining the nature of
molecular motions associated with the relaxation
processes, although dielectric and dynamic mechanical
methods could be used.
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The structure of these LCP's at room temperature and
the nature of the disordering transition needs better
definition. This subject is still unclear, since some
"intermediate" degree of order between the two-
dimensional of the liquid crystalline state and the
three-dimensional of the crystalline state seems to be
the only reasonable definition of the solidified
structure of these rigid materials.
An important area to study in particular with
HBA/HNA copolymers is the miscibility of HBA with HNA and
the miscibility of various compositions of copolymers of
the two. This is important because sequences of the
chains will vary in their composition and therefore
possibly their miscibility with other chain segments.
Segments of chains of similar composition have a greater
likelihood of finding longer matched sequences for
crystallization than those of dissimilar composition.
Several questions that can be asked are: is there
phase separation in the melt?; how does processing
affect the miscibility and/or the phase separation?;
and, if there is a preference for the melting of crystals
of certain composition before others, will this induce a
segregation effect?; is phase separation desirable and,
if so, is this an efficient method to induce phase
separation?
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These experiments can be carried out by the
polymerization of deuterated HBA ( HBA(d4) ) and
copolymers of HBA (d4
) with HNA. Interaction parameters
and phase sizes can be measured by SANS to answer some of
the questions outlined above [176]. Once these
deuterated polymers have been obtained then the
homogeneity of the as-processed LCP can be compared with
that of samples annealed at various temperatures. As
the intensity increases the non-homogeneity of the
samples also increases, indicating a segregation of HBA
from HNA in this copolymer. in this way the composition
of the crystalline phase can be studied.
Segregation phenomena can be of great importance in
influencing the rheological behavior of the liquid
crystal and may have interesting implications in the
development of processing optimization for this class of
polymers
.
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